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' A general method for the formatiom of acetals usihg chlorotrimethyl-

groups whereas methyl aceta\ls .are only fonned from electron—poor car}aonyl
groups, " The intermediacy of a 5111con-bou0nd carbonyl species is
" discussed.

The mgthog has been Iextend'ed to the fofmatio,n of esters. In a
solution of the alcohol te be esterified, methyl, ethyl, benzyl'end 2~
t:;ﬁnethylsilylethyl esters -are readily formed in the presence of chloro-
tzi:methylsilane. Using 29Si—N.M‘.R., a ‘tr::methylsilyl ester hes been shown
to be an intermediate in the reactio\ ,

The Lewis acid catalyzed condg¢nsation of 1,3~b4'.§-trimethylsiloxy-l—
metho:‘cy~l,3-butadiene with 'a va iety of dielectrdphiles, in a 1,2“"

-

relationship, has been 1nvestagated The relative order of electrophlllc

L

‘reactivity towards this compczmd has been found to be; )

RR'C{C1) SCgHg > ArCOCHO > ArCOCHO > RC(OCH3) 2,RC(OCH3) SCgHg > "RCHCl;

' . T y
The dialkylation of i,3-bj.¢-trixhethylsiloxy—l-methoxy-l,3-5utadi‘ené has
been shown to lead to hydroxycyclopentenones: with the same substitutiort
pattern as the prostaglandins skeletc;n.’ Using 29Si-N.M.R., thé mechanism
of this reactiro'n ha§ been shown to proceed in two s\eﬂuential steps;
reaction at the Y-position takes place‘f;irst to give a titanium—,-t;ounah
fntennediate, tk;e thus formed intermediate then undergoes a-alkylition to

¥ 1

give the cyclopentenohe compourd.

RO ‘ . ' ! r - .y -

& 51lane has been developed Dioxolanes ate formed %rom most carbonyll

e
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. chlorotriméthylsilane a ét& developpée. Les dioxolanes sont formés i

partir de la plupart des groupements carbonyles alors qué les acetalsy’

méthyl iques sont seulement formés A partir de groupements carbonyles

pauvres en électrons. La présence intermédiare d'une espéce carbonyle

1

liée au siliciume est discuteée. ’

La méthode.a été étendue i la formation d'esters. Dans une solution
de l'alcool devant étre estérifié, les esters méthylique, hyllque,
benzyilque et tr1methy151 lyl-2 éthylique sont facilement formés en
presence de chlorotriméthylsilane. Une triméthylsilyl ester a été
identifié comme intermédiare de r@action par l'emploi de RM.N. 29gj,

La condensation catal‘i;séepar un acide de Lewis du b{i4-triméthyl-
si.lo:;y—-l,3 méthoxy-1 butadiene-1,3. avec divers dielectrophiles dans un
rappor;: 1,2 a. été etudiée.f; [“ordre relatif suivant de rdactivité

&lectrophile envers ce. composa a d;/éte’ établi;

‘

-~ L

RO(CL) SCgHg > ArCOCHO > ArCOCHO > RC(OCH3) 2,RC(OCH3) SCgHs > RCHCl,

Il a éte"defnontre’ que la dialkylation du bié-trime’thylsi loxy-1,3 méthoxy-
1 butaalene—l 3 méne & des hydr“bxycyclopentenones ayant le méme patron de
substltutlon que ‘le squelette des prostaglandins. Par R.M.N. 2981, il fut

afabli que le mechanisme de cette réactio\n procéde en deux étapes
* g " . * " \‘ N

séquentiel les;' la réaction en poéition-—‘f se produit d'abord donnant un
- ) /

o 1ntemédla1re 11é au t1tan1m, 1’ mte:in,edlane ainsi ‘forme subxt alors zéie/

; - ?

—alkylatlon menant ‘au composé cyclopentenone. ‘
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Une méthode générale pour la formation d'acétals employant le
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1. INTRODUCTION

With the clarity of vision which hindsight has éiven us, it is
possible to observe milestones along the path of scientific history.
These are always associated with men of astonishing vision; Pythagorus, da
Vinci, Lavoisier, Mendeleev, Einstein and many, many more. In the context
of this thesis, it is also appropriate to remember the contributions of
contemporary chemists who have shaped the way in which one thinks about
organic chemistry; such as, van't Hoff, Barton, Stork, Robinson, and
Woodward. Within the field of organic chemistry a fundamental change has
been slowly taking place over the past two decades which reflects the
influence of these and other.chemists. The precise classical barriers
between the many fields of chemistry, erected in the early part of this
century, are losing definition. Technologies unimagined even forty. years
ago are now linking many areas of chemistry. One example is nucl.ear
magnetic resonance. This technique ‘was developed by physical chemists,
subsequently wused by organic chemists for the identification of organic
moieties, based on proton resonance, and finally, was used by inorganic
chemists in the analysis of most of the elements in the periodic table.
For the organic chemist, this change in the perspective o'fj»chanis_try
is reflected in the "total organic synthesis". Presently, extensive use
is made of main group :"morganic ard orcjanémetallic moieties. The design
of such inorganic and organometal lic reagents for use in organic synthesis
has become an established field in organic chemistry, a situation which

-

would not have been acceptable even twenty years ago when the barriers

&

between chemical fields were quite rigid. Of all the “heteroelements"

being broadly exploited in the field of organic synthesis, silicon is



!

becoming more often the element of choice. Even though the presence ¢
silicon in the final molecule has been of little utility up to the presen
time, the unusual properties of this element make it ideal for th
protection of organic functionalities and in mediating a variety o
reactions. ,

The work upon whichyfthis thesis is'based pursues the study of silico
in,organic synthetic reactions. A brief history of silicon and organo-

silicon chemistry will be outlined to clarify those properties of silicor

which can be exploited in organic synthesis’. \K%

~~
.

»
@

1.1 The Development of Organosilicon Chemistry

" Silicon has been used-by human civilization since remote antiquity in
the form of sand, gravel, or clay, and later, in the maki&M of pottery,
vitreous enamel, glass and cement4. All of these ad\;ance;nents preceded
the conception of chemistry as a science. These dévelopments in the usage
of silicon surely arose from its ready availabilityf*.

In one of the earliest chemical citations of a silicon ‘species, water
glass (sodium silicate in agueous solution) was described by Glau}faer in
’

-Much of following introduction is based on rzferences 1, 2, and 3,‘

. >
and further specific references to these works will not be made.

o Silicon is the second most abundant element in the earth's crust

although it is rarely found in pure form. Assuming a crust of 10 mile
depth (16 km), the elemental composition was estimated to be 46.5% oxygen

and 27.6% silicon>. '
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16485, At that time, silica was considered to be an elément because of
its great stability. Lavoisier (1743-1794), howéver, doubted this and

considered silica to be molecular rather than elemental in nature. It was

not until 1807 when HF became available that theﬁeg;omposition of silica
' o

was first recorded, proving Lavoisier correct. Upon exposure to HF,

silica was converted to HySiFg and volatile SiFy. The former compound was

isolated as its potassium salt (KSiFg). Later, Berzelius made the first

pure silicon by the action of potassium metal on K;SiFg. He further

. .
converted the silicon into siliébn tetrachloride by igniting it in a

stream of chlorine. These two materials, silicon and silicon

tetrachloride, are still most often used as starting materials for the
synthesis -of organosil icon compounds. In 18§3, Wéhler rﬁade silane’and
trichlorosilane® a;nd further, propdsed that the chemistry of silicon might
mimic that of carbon.
and synthesized the_ first known truly organosilicon” moiety,
‘ 7, Thus, by

tetraethylsilane, from silicon tetrachloride and diethylzinc
[ J

1872, many tetzavalent silicon compounds had been prepared. The extent to

~which the ché?rilstry of carbon paralleled the chemistry of silicon,

however, especially with respect to its tetrahedral” nature, remained to be

established.

The modern father of silicon chemistry is F.S. Kipping. Kipping
began his research in the hope of isolating an optically active silicon
species.

the synthesis of organosilanes (Scheme 1.1) 8,

sicl, RWBr gsic1, R'MIBr gr'sicl,

Scheme 1.1

3 A e - - ; e Ea L —
ot s BRI L g BER TN e i R R R S

Friedel and Crafts wére also working in this area

He was able to show that Grignard reagents were very useful for
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Kipping also helged elucidate the relationship between the chemistries of
carbon and siiiéon. e During an attempted distillation of Ph3SiOH to
increase its purity, Kipping was only able to isolate a "sticky mass", a
situation with which the present author has great sympathy, that "melts,
not sharply, é‘f: about 109° and wguld seem to be diphenylsilicone“9. In
his view, this was the parallel silicon compound to diphenylketone.
Although this misnomer has stayed with silicon chemistry, he had in fact,
isolated a diphenylsilicone oligomer. He eventually realized his error
and stated "So far, no silicon analogue of a ketone has been obtained"10,
Subsecuently, he was”able to isolate the optically active silane 1 which

9

showed that the arrangement about a tetravalent silicon species was tetra-

hedralll, . :
N_aoas E\i p /Pr SO;Na
A ,'/ \$i ‘
pr  Et
“ )
1

o

S
\In light of all of his éxperimental work, Kipping's thoughts with respect

to the overall relationship of the chemistries of silicon and carbon were:
"Even after a ;.'ery short exper}ence, idt was evident that
corresponding der.iva'tives of the two elements in question showed
very considerable di‘ffefences in their chemical properties; nit
may now be sald that the principal if not the only case in which
they exhibit a really close resemblagice is that of the paraffins
and those particular silicohydro'qa ons, containing a silicon

‘
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atam directly united to ‘four alkyl tradicals.

But of far greater importance in any general comparison of
carbon comgounds with the organic derivatives of silicon is the
fact that many, if not mcsst, of the more important types <;f the .,
" formetr are not repres§nted among the latter. Apparently this is ~
not merely a consequence of the insufficient experimental
investigation of =silicon derivatives but' is due to the

fundamental differences in the properties of the atoms of

silicon and carbon; ....."lo

>

Kipping's polymeric nuisances (oils, jellies, glues, "sticky masses")

are the bread and butter of the silicone industry. These compounds are
presently available as fluids, resins, rubbers, greases and 'so onl2,13,
They have the unique properéies of low toxicity, stability over a large
range of temperatures and stability to a wide variety of qhemicalsl. '

Literally thousands of these compounds exist and their unusual properties

‘make them ubiquitous in modern society.

The silicone industry is the leading producer and consumer of
organosilicon products. As of 1978,‘ more than 40,000 silicon copta'ining
compounds, the majority of them polymeric in nature (silicones), haxli‘ been
described in the literaturel4. ' The most important silicones, from an
industrial point ‘of view, are the dimethylsiliconesl3 which-may be
obtained directly from the ﬁydrolysis of dihalodimethylsilanesif,  These
,latter compounds can be obtained by the Grignard route of Kipping from
silicon tetrachloride but are moré often prepared by the "Direct

Process"l’, This procedure, discovered by Rochow in 1940 and subsequently

< | , "
5
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by Milier a year later, 1nvolves- heatmg Cu—-Sl in th&presence of CH3C1 to

generate pr/edommantly (CH3) 5SiCl,, S‘tlll the most - nuportant pr sor in

, the silicone _field, ;

The interest in-silicon in an organic context rather than an
Y S ' ' . .

inorganic or polymeric context, started somewhat later. . The 'basic orgadic
< ° '*! . 3 ) . ) ° »
chemistry of silicon developed aqver a period of abt\aut twenty-five years

fol lowing Rochow's discover%gf the Direct Process. During this time,

"

; . . e, L , . - .
' ploneering. research 1 organosilicon derivatives was pursued for their

14
own intrinsic interest. The availability of simple organochalosilanes,
) ﬁ AN ”»

because of their industrial importance, helped to stimulate the stuéy of

organosilicon chemistry.
It is beyond the scope of this text to discuss the basic organic
chemistry of silicon, however, Eaborn has described this area in detaill8,

Furthermore, Sommer has clearly elucidated the mechamisms of many simple

‘silicon reactions using chiral silicon moietiest.

1.2 Contemporary Organcsilicon Chemistry

°

The year 1968 was a watershed in the development of organosilicon

‘

Chemistry. The true potential of these compounds was finally discovered

by organic chemists, although their value had been apparent to silicon

) ¢
chemists for some time. It was theé year when the silicon chemists Eaborn

and Bott shared their insight on the silicop-carbon bond20. Their

conclusions were as follows: (i) a silyl group is often more easidy |,

o

displaced from a givex; carbon atom than a proton from the correspohdigg

carbon atom, (this has been subsequently shown to be true only rf the"

!
i

nucleophile is oxygen-based or a halogen and steric restraints are not

/

& " ,/'
. 1}6

|



, present), (ii) a §i}i¢or::-carbon bond sta(l\:ili;uzes a B-carbonium ion _more
' i:hari “a hydrogen-carbon or carbon-cax;bor; bond, and '(iii)’whereas silyl
u gQ:Ou?s Pavg h;gh reactivity wiugn adjacent to a suitable functionality,
when more remote from that fméti,gnality they are usually able to s;\\xrvive

most reaction conditions used in organic synthesis.

4

The work published in and around 1968 -also del ineated some of the

- ‘niajor areas of organosilicon chemistry still under investigation at the

preser‘xt time. For example, Pierce showed the facility with which alcohols
could be silylated and d®silylated (Scheme 1.2a)2l. However, trimethyl-
silyl 'ethers proved too acid an;l base senéitive to be of general utility.
It was Corey who later populanzed the, use of silicon protectmg
groupszz. He developed the reagent & butyldlmethylsllyl chloride and

( methods for. its introduction to and removalﬂfrom_ alcohols. (Scheme

) -

1.2b). - !
L] '7l; “ A ‘ 7,
ROH- = = ROSI(CH,),R" -
i - ‘
- ° i
a) i= (CH,),SiCl, ((cnsvasi)‘;{w, ii= CH,OH,
T . R'=CH
b) i='Bu(CH;),SiCl, DMF R
. : irhidazol_e. ii= "Bu,NF, rR='8u

Scheme 1.2 . .
(Schene 1. 3)23 Carbon-bound 5111con chemistry was explored by Stork a

few years later (Scheme 1.4 and 1.5) 24'25126.

-

Peterson descrlbed t/q 511y1 version of the Wittig reaction

SR L L~
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l CH,OH
CH,ONa
' reflux

Scheme 1.5 -

-

As well‘, Stork and Hudrlik described the trapping of enolates with silyl -
groups and showed that iithium enolates could be regenerated
regiospecifically (Scheme 1.6)27,28,29, Later, the use of enol sil'yl
ethers for aldol reactions was developed by Mukaiyama3°'3l. The utility
of the method was subsequ‘ently‘,expanded y Chan (Scheme 1.7) 32, among
e~

others, to include a-alkylation of the parent carbonyl compound.

. S {
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0 Q o OTMS
base TMSCI ‘ D
Mel.i .
i . @ o
Scheme 1.6 ‘
QOTMS ® 0 . .
0 [+

—’——cn .

TiCl, U )
CH.Cl, -

OTMS

ot

Scheme 1.7 .
; i

Another major area of active research today is the use of allylsilanes in

carban-carbon bond forming reactions (Scheme 1.8)33'34. This work,
\ al 9

o
however, was initiated by Sommer at a much earlier timeﬂ than the work
, . ¢

mentioned above35.

TMS : cl ]
L4 * AlClg & °

Scheme 1.8 °
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1.3 The Properties of "Organosilicon.Compounds /

2

The reactions just described occur because of\ the unusual properties

of silicon, but what properties does silicdn possess which- allows these

reactions to take place, "and what advantages does the use of silichn -
' L y » » *

provide? Table 1.1 gives a representative ‘samplli"ng of approximate bond
dissociation energies of a series of silicon .and carbeni-bound species36,
.

a
-« 2 @ . o
» . R [

Table 1.1§Approximate B:md Dissociatioh Energies (D) for Si-X and C-X

-

Bond © Compound . D (kJ/m-c;l.) Bond D f(k'J/mol)

"si-C . Meysi -~ 318 cc 338

Si-H | Me,SiH s U coH 420 N
Cl;5iH 378, ; AN

$i-0 Me3SioMe 531 L -0t - 340 a
(Me3Si) 0 et ¥ I

Si-F  * MesSiF 807, | CF a2\ '

Si-Cl  ° Messicl 10 c-ct 335

Si-Br  MegSiBr - 403 c-Br- 28

@

It can be readily seen that whereas si 1icon~carb6n and silicon—hydrogen

»

_ bonds are weaker than the corresponding carborn bonds, the 5111con—oxygen
and silicon-halogen bonds, partlcularly fluorine, are markedly sttonger.
o Another fundamental property to con51der fs el:ectronegat1v1ty. The

relatlve electronegativities of some selected elements are shoxbn m Table,

19237 ’ ‘ o g "
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Table l.2:Relative Electronegativity

H B C N 0 F
2.79 1.84 2.35 3.16 3.52 4.0
Al si P S a
. 1.40 1.64 2.11 2.52 2.84
Ge As Se Br
1.69 1.99 2.4 2.52

G

' Although many different electronegativity scales exist, silicon is always

significantly more electropositive than carbon. This might be one reason
why heterolysis of the carbon-silicon bond readily occurs under ionic
conditions, either nucleophilic at silicon or electrophilic at carbon. If
the carbon-containing moiety is a good leaving group and the attackiné;
nucleophile is oxygen-based or a halogen, then silicon-carbon bond
cleavage is particgla;ly facile. Homolytic cleavage, howevgr, is not
generally observed.

Carbon-hydrogen bonds C-H* are polarized™Mmthe same way as c;rbon-

silicon bonds C--Sit. As a result, the reactivity 6f the former serves as

" a good indicator of the relative reactivity of the latter in terms of the

gdirection, although not necessarily the rate of reaction. For, example,

just as Ar-H bonds are broken by treatment with electrophi les,g‘such as
bromine, so are Ar-Si bonds. In the same manner, although B -elimination
reactions generally occur more readily in systems‘ of type B than type A,

both occur in the same direction (Scheme 1.9) 38,

Nu™ o
H 4 oz X y4
~ - A R
) A / " ~
= X .B SiR,
' Scheme 1.9 |\
- Nu
<4
12
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A difference in the reactivity of these two bonds, however, exists towards
nucleophilic attack. The C~H bond tends to ~be more reéctive to ¥
nucleophiles/bases of niuog;n and carbon, whereas the C-Si bond favours
those of oxygen and the haloéens. Reac‘tions of this type are driven or
assisted, to a certain extent, by the formation of very strong silicon-
oxygen or silicon-halogen bonds. It should also be noted that the
silicon-carbon bond polarization is rather weak in comparison to other
organometal lic reagents, and hence, silicon c?’mpf:unds can usual]:y be
handléd in much less stringent conditions (exclusion of air and/or
moisture) than other organcmetallic compounds. -

Wwhen one considers Sit-H~ versus C‘7H+ bonds, the relative polarities
are different. As a result, a quite different course of events is
followed upon reaction with a carbén base (Scheme 1.10)39. ‘

(CgHg) 38iH + 'MeLi ~ —  (CgHg)3SiMe + LiH

(CgHg)3CH + MeLi  — (CgHg)3CLi + MeH,
Schepe 1.10

Multiple bonding has only recently been observed by specﬁroscopy.with
the silicon species l,l—dimethylsilyiethylene and trimethylsilyldiazo-
methane40/41,42,  Brook43 synthesized the first stable silylethylene 2 at

room temperature and pressure in crystalline form and West44 isolated a

stable disilene 3.

£ TR AT AP TR P TR ¢ S = TP R e
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Siz==Si
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The strength of the silicon-carbon multiple bond is such that one

would expect to observe them frequently. For example, the dissociation

.energy of the S1-C 7 -bord in 1,l1-dimethylsilylethylene was found to be

34 kcal/mol (142 kJ/mol)‘%o. Multiple bonding, however, is still a very
rare phenomenon in silicon chemistry, contrary to the case with carbon.
The reasons for this are probably twofold.™ First, the bond is extremely
reactive due to its strong polarization, and second, the r;ea?:tivity is
further increased due to the presence of a relatively low lying -
antibonding orbital3d.
Silic;n 1s usually tetrahedral and quadriva‘.lent; although it does ‘
possess low-lying d-orbitals which could participate in bondirig: One
example in which d-orbitals do /parti;:‘iéa/ite is the anion SiFsz‘. It h;s an
bctahedral structure which implies sp3d2 hybridization. Tﬁef:; is also a
wealth of information which indicates that valencelexpansion in silicon

takes place between nitrogen and silicon in compounds such as the

silatranes 345'46'47'48, again suggesting d-orbital participation.

~
e
4
¥
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d-Orbitals likely play a role in the reactions of silicon. Corriu,
for example, has shown that hypervalent intermediates are present in many
reactions of silicon catalyzed by nucleophiles, especially fluoride4d, as
well, Sy2 reactions are extremely facile at silicon and often proceed with
retention of stereochemlstry As a'result of these observations, it was
proposed \t’:hat d-orbitals interact to lower the transition state energies
involved 1n frontal attack (resulting <m retention), although this would
also act to lower those 1nvolved 1:1 backside attack (resultlng in
inversion)»9, This proposal, although inconclusive, is at least
con;sistent with the proposal of d-orbital participation in transition
state development. |

Many of the important prop‘ertie.s of silicon have been outlined in the
previous paragraphs. A list of the more pertinent ones which could be'of
use to the organic synthetic chemist would include: (i) strong bonding to
oxygen and the halogens,l(ii) electropositive “characteristics; when bonded
to carbon the polarization is intermediate to a C-H and a C-metal bond,
and (iii) only a small propensity for multiple bonding. Two other
impor:a\nt propertie‘s of silicon which should also be .mentioned are; the
ability to stabilize a carbonium ion in the B -position, the so-called g-

effect, and to stabilize a carbanion in the a-position51.

e et st i b A e e e e 3 % s A m et e
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1.4 The Utility of Silicon Reagents in Organic Chemistry

Regardless of the limited understanding of the mode of reactivity of
silicon, it has been util;;ed by organic chemists in four different ways:
(i) silicon compounds are used to proniote specific reactions, ‘(if)c
silicon 1is employed as a "ferryman", Colvin's®2 term, whereby it
participates in a reaction sequence aﬁns follows; silicon is introduced into
the compourd, rema;ins dormant until required, allows a specific reaction
to occur, and then is removed, thus carrying with it, to the molecule, a
specific reactivity, (iii) silicon is used to protect functionali’;ies
fraom reacting, in particular hydroxyl groups, and (iv) silicon is
introduced into a compound  for its own intrinsic value. While the latter
is an almost neglected field, organosilicon compounds are beginning to be

" RN

used in the pharmaceutical industry. At least two drugs are presently in
clinical testing and show superior activity to the the corresponding
. >

carbon analogues46'5.3. The experimental work upon which this thesis is
based focuses upoﬁ two of these approaches. In the first chapter, the use
of trimethylchlorosilane as an agent to promote acetaligation and
esterification is evaluated (type (i)). In the latter part of the thesis,

the faxploitation of silylated enolates in a ring formihg reaction leading.

to cyclopentenones is described (type (ii)).

16°
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2. ACETALIZATION AND ESTERIFICATION PROMOTED BY CHLOROTRIMETHYLSILANE

In a s@etic organichschene\, selecftivitir is of primary importance.
Reasonable yields cannot be obtained if reactions are taking plaée at more
than one site in the molecule. Therefore, the protection of all but one
reactive site is an acknowledged necessity at most stages in a total -
organic synthesis. The ideal protecting group is one which: (i) can be
formed selectively to give a projected substrate that is stable to the
projected reaction, (ii) can be removed selectively in good yield by
readily available, preferably non-toxic reagents that do -not attack the
regenerated: funétional group, (iii) forms a crystalline derivative
(without the formation of new chiral centres) that can be easily separated
from side products associated with its f.ormaxtion or cleavage, and (iv)

should have a minimum of additional functionality to avoid further sites
_of reaction®4. Y DA
Two groups which must very often be protected are the carbonyl and

carboxyl groups. The protecting groups most frequently used for the

-, protection of these functionalihties, which fulfil quite well the

requirements listed above, are acetals and esters, respectively. There is

- a need, therefore, to devise methods for the formation of these protected

substrates., Such a method will be the focus of the following chapter.

2.1 TRIMETHYLSILYL~BASED REAGENTS

Silicon reagents have been used to promote a variety of different

17
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transformations under very mild conditions. To delineate their reactive
properties, a description of same of the more useful reactions promoted bi;

trimethylsilyl moieties, which do not involve the isolation of a silylated

product Qvith the exception of trimethylsilyl ethers), will be given.

2.1.1 Ether and Ester Cleavage

%
The formal replacement of the proton of a range'of inorganic acids by

)the trimethylsilyl moiety gives a group of reacjents which can behave as

hard acids, particularly in reactions where silicon-oxygen bond formation
takes place55. Perhaps the mo\.;t‘ widely used reagents of this type are the
iodo-, bromo-, and trifluoromethylsul‘fonyi- (triflate) trimethylsilanes.
All three can be readily synthesized and their only disadvantageous

14

property is an extremé sensitivity to moisture. Becauge the anion of the
parent acid is a soft base/good nucleophile, it can attackﬂ, for example,
an ether molecule at the carbon atom carrying t;he now complexed oxygen.
This leads to dealkylation or dgoxygenation depending on the fragme_nt.

being followed (Schemes 2.1 and 2.2)56,

OCH, ' Y
TMSY OCH,
P i _OCH; .
| OCH, ' Y
.Y=Cl,Br, 1
Scheme 2.1

18
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Scheme 2.2

N (_

In the presence of a base, these vicinal trimethylsilylhalohydrins (or

pseudochalohydrins) can further react to give the allylic alcohols (Scheme

+ OTt
O ey OTMS ———a OTMS
OTf™ / _

oTMs

2.3)57,

Scheme 2.3
\

Related processes can take place with carboxylic esters as wgll (Scheme-
"2.4)58,59 i * .



. o]
o
o) ‘ | (#OTMS OTMS
R,(u\o R’ TmsX /k /R ot + RX
(@)
\\\ a . ,
o . 1 TMSI
\, X= Br,1,OTf
R= (CH,),CH, !
A’= Et | Scheme 2.4 R—<O
CH.CH,O CH,CHs a
TMSI C‘j
§e
\
" " _OTMS
> + Ph/\l
Ph
- I ,
. ™SI}
O »
(excess)
< i
Scher_le 2.5
-9 . - -t
r many reactions with ether-based oxygen systems such as e’thers—go

J

o

T PO O

20



T T AR TR O TR S A I S g

AT

e P SR Se S S S S R

. ,f .

he .

N \

and acetalsql, ‘trimethylsilyl iodide is the reagent of choice because of e
. B /

its high reactivity. In general, igdides or o —iodotrimethylsiloxides are

formed which in themselves are good synthons for further modification

(Scheme 2.5). These reactions geherally proceed in good yield under
relatively mild conditions; they aré performed in aprotic media which are
neutral or mildly acidic..

2.1.2 Carbonyl Addition Compounds

»

»

Trimethylsilyl compounds can also react with carbonyl compounds in a

l,2—se1;1se,62 or with o,B -unsaturatél carbonyl compounds in a 1,4-sense

LY

{Scheme 2.6) 63.
T b

RCHG + TMSI = RCI:H(OTMS)

- R - TMS!
' emr———.
1
\

R \‘R ’

Scheme 2.6
Y
From silylated iodohydrins, enol silyl ethers can be formed in the
presence of a base urnder mild conditions; remarkably, enol ether formation

takes place over ester cleavaée in bifunctional substrates (Scheme 2.7) 64,

v

-
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O . -
- I\ QOTMS
TMSI ’ ‘
(TMS) NH:
, 2
4
o> . _ OTMS .
2 . ‘ - i \
- o .1
Voo /’Schane 2.7 : ‘
. , ,
Although iodotrimethylsilane undergoes carbony;i’ adéit;ion reactions witt
facility, "the reaction with cyanotrihxet“hyls.ilane is far more useful
synthetically (Scheme 2.8) 65, Either thermal®6 or cat:aﬂlyzeds'7 conditions
lead to the silyl ethers of the ¢yanohydrins. . _ ’
~
(. R l TMSCN ‘ OTMS ,,
» f O e A ) ' i : °
. R A or catalyst / CN
@
o . NC_ OTMS
R/\)K R’ I R/\X R’
Scheme 2.8 .
o , 4 ¢ ’ . Al
Q . The synthetic utiiity of these compounds arises frém the ease of formation

3
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of stab;‘,lized anions from them. The silylat ‘cyanohydrins can be used in

[

three distinct ways; nucleophilic alkylation and ;-.\cylation, carbonyl

‘ proté’ction and chain homologation (Schene‘z.Q).

*

fS £
< g gt b RSN i T AT RIS b o S
- o © - ° I .

. OTMS1 LDA ’ -
. 2 J_
. N ! > .//Y\<
° CN 3 H,0 o L
] . h F
: OTMS
1 LDA TMSO CN

CN ————

' | o
. 2 .
. . : \\
T 4 a BN “ o Q" OTMS
s . Scheme 2.9

-

They may also be reduced with lithium aluminum hydride to the g -amino
" alcohols; without the problems which arise upon tHe‘reduction of the

cyanochydrin acetatessgvsg, or with DIBAL to ¢ -trimethylsiloxy aldehydes
(Scheme 2.10) 70. L

-
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: Ry, OH
LiAIH
' /4' R’><7 NH,
R><qTMS
R N\ON ,
£ ! i
DIBAL . Ry oH .o :
. ./ cHo °
i R
Scheme 2.10
2.1.3 Ether and Ester Formation A .
°© | ad

b
[

Although many other examples of reactions promoted by traimethylsilyl

~

reagents exist, the preceeding two groups of reactions are ’illustrétive of

-

the reactivity of the trimethyliilyl group. In ether and ester cleavage,

'dealkylatlon-debxygenation takes place because of the stabi i’ity of the

siloxane bond formed during the reag;iori. All of the carbonyl addition
reactions occur because of the stiong attraction of the silidon for the
carbonyl oxygen. It is ironic, therefore, that the oxophilicity of

silacon, the preference of si_llconufor the carbonyl oiygen, and the

facilitly for the formation of giloxane bonds, can lead to carbon-oxygen

bond formation rather than the carbon—oxygen bond cleavage described

“above. Whereas trlmethy151 1yl bromlde and iodide can readlly cleave alkyt

carbon-oxygen bonds in esters:and ethers, chlorotrlmethyls:tlane ¢an be -

* Al though I.U.P.A.C. nomenclature kgs adopted chlorotrimethylsilane as
the correct namellg, trlmethylchlorosn ne and trimethylsilyl chloride
will also be used interchangeably th oughqut th).s thesis. ‘

L3
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used to pramote acetal (ether) and ester formation.

®
I3

2.2 THE SYNTHESIS OF ACETALS AND KETALS USING CHLOROTRIMETHYLSILANE -

’

. b
I3

B o
“\o\ ‘ ‘ods %

:
:
i
,

" a~Keto-acetals can be used as electrophiles in condensation

SR L

i g

* reactions with enol silyl ethers. In these condensations, acetals are

aQ

employed to replace unprotected carbonyl grouﬁs. They are \usual ly ,

SE e

a . reactive enough to undergo aldol type reactions but are less reactive than

“ ’ unprotected carbonyl groups. This allows some proliuct control in the
s ' reaction (see Chapter 3.4 and 3.6-3.8). Theé traditional. methods of acetal

synthe51s usually involve the reaction of a carbonyl compound with an

1

F

alcohol, under acidic condltlons, utilizing either phy51cal or chemical

H ’dehydratlon (Scheme 2.12)71. . C y
¥ . 9 a . : .
g ¥ u R ‘ ' R' . K ¥{ R OR”
A Y o RUOH M ] R
i ’ = I’ - ! n
- ‘ R’ " r7 OR" R/ OR.
b S, . ‘ " Scheme 2.12
7 Dur:.ng an attempt to synthe51ze the. dimethyl acetal of phenylglyoxal -
. r 6, Trost's aceta11zat1on probedure was employed It entailed the use of .
@ ’ ¢ . R ! * @
- * As a result of I.U.P.A.C. rule C-331.1, the word ketal has been-
1, removed from the chemical vocabhiazyn. An acetal may now describe the
Ngefh-dial}coxide formed -from either an aldehyde or a ketone%- For the
purggse of this thesis, however. -the trad1t10na1 nomenclature will be
used. That is, an acetal is thegem—dxalkoxlde formed fram an aldehyde,
o and.a ketal is that formed from a ketone. )

i . . ' 4
‘ i
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ammonium chloride as the acidic catalyst and trimethyl orthoformate as -the
dehydrating agent’2. The work-up was performed in a mildly basic aqueous

solution (Scheme 2.14a). It became apparent, however, that the method of

Trost was inadequate for our purposes. A yield of only 48% was realized,

as compared with Trost's of 90%, due most likely to the problems

associated with product'isolation from an aqueous solution. It was

obvious that a more efficient reaction was required.
@
As acetalization is an equilibrium process, the simplest way t®

expedite the reaction is to force the equilibrium to the right by the

removal of water.

1

It seemed probable that a silicon reagent might

effectively mediate this relatively simple reaction. It is well known

that a silicon species with a relatively labile bond will rapidly form a
silicon-oxygen bond on' exposure to waterl8. This is a consequence of the
strong silicon-—oxyé’fen bond (112-117 kcal/mol, 469-490 kJ/mol)73. For
exampie, the organosilicon halides, with the exception of “the fluorides
for which the equilibrium lies f;r to the left (Scheme 2.12)74, are
rapidly hydrolysed to form silénols75. For the le;s substituted silanols,

condensation is spontvane‘bus; silanol itself has never been isolated’f.

Under acidic or basic conditions other silanols condense to form disilyl

[}

" - I3 . -, 3 . - '
,ethers (dlsxloxapes) in the q@se of monoHalo-organosilanes, and silicone

olig&ners ang polymers from more highly halogenated species77.

R3Six + H;0 == R3Si0H + HX B3SiOSiR3 + Hy0

. Scheme 2.12

It was anticipated that trimethylchlorosilane would be an effective

L
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dehydrating agent, as it is known to form, ess/ential ly irreversibly,
hexamethyldisiloxane upor; hydrolysis. There are other predictable
advantages in the use of this reagent. First, hydrolysis of the silyl-
chloride would generate hydrogen ct;loride (Scheme 2.13), {, situr which is
expected to catalyse the reaction., Seconq, the disiloxane, which would be

subsequently formed, is volatile enough to be removed under a mild v’acuun.

¥
-

(CH)3SICL + Hp0 == ~ (CHy)3Si0H + HCL
L. . | . TMSC1

v (CH3) 3Si03i (CH3) 3+ Hzo

Scheme 2.13

\

2.2.1 Acetals Fram Activated Carbonyl Compounds

4

B}} simply stirring freshly distilled phenylglyoxal 5 in a solution‘of
methanol and 2.? equivalents of trimethylsilyl chloride (Method 3), at
room temperature, o ‘, o —dimethoxyacetophenone 6 is obtained, in 83% yield
after distillation (Scheme 2.14b). It is clear that sufficient activation
occurs when ketones, esters or dichloroalkyi groups are located §djacen1£
to t;he carbonyl group, with the exception of arwmatic ketones which will
be discussed later. Acti;ratifon is provided by the presence of an electron
withdrawing group in the o -position to the carbonyl group to be
acetalized. This methodology, the use of trimethylchlorosilane as a
dehydrating agent and a means of generating an acidic catalyst, v;ith

methanol as the solvent," appears to be ‘a general ro(xte@r the preparation

of dimethylketals or acetals from activated cafbopyl compounds. ‘Table'z.l

5
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shows examples of activated carbonyl compounds acetalized in

'

NH,Cl
, HC(OCHy);
a v
0

O o~
M " OCH,
CH,OH H
\_L/
5. (CH,),SiCl 6
Scheme 2.14

At the completion of the reaction, as judged by T.L.C. or G.L.C., it
is quenched with base., Essentially two methods are used to work-up the

reaction. In the first method, the reaction mixture is brought to

‘approximately pH 6 (moist alk-acid paper) with a 5% solution of sodium

methoxide in methanol78, Most of the solvents are removed under reduced

pressure’ and the residue is dissolved in ether, filtered through Celite or

silica gel and the solvents are removed .(n vacuo. The crude residue is

then purified using flash7? or mesh80 chromatography, fractional
distillation, or Kugelrohr distillation. This method pro/a{é; especial‘ly
advantageous for water soluble molecules, such as 1,l-dichloro=2,2-
dimethoxypropane 13, witl'\l which agqueous work-up results in much lower
isolated yig_lds. In the secord method, the reaction is quencﬁed with a 5%

aquegus solution of sodium bicarbonate. The solution is extracted with

\
M

ether, washed with water and brine, and the ether extracts are dried over
either gphydrous magnesium or sodium sulfate. After filtration and

removal of the sol vents under reduced pressure, the crude residues are

. purified as described above. '

(%
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Table'2.1:Examples’of Acetals Prepared from the Precursor Activated Carbonyl Compounds.

Entry Starting Material Product

Number) -

6 " 83
8 98
10 55
11 92
13 71
14 91
15 60
17 76
19

84

- B A

o

&m%m

(Comppund Yield Method Equiv.

™SCL.
2.2

2.2
2.2
2.2
2.2
2.2
2.2
2.6
2.5

b.p./torr (m.p.)°C. Ref.

Found
89/.62

58/28
70/23.5
96-106

Literature
101/4.5 147
108-113/1 148

62-63/12 78
. 149
145-6 150
163-5 151,331
152
153

Purified using flash chromatography: (16g 40-63mm. silica, E. Merck, ethyl acetate-~hexanes mixtures' )

s 2

All new c(mpounds were characterised by proper spectroscopic analysis, and purity ascertained by

G.C. Yield. The isolated yield was 42%, due in part to the h1gh volatlllty of the pwoduct.

1 PhCOCHO PhCOCH (OCH3)
2 p-CH3PhCOCH0 p—CH3 PhCOCH ( OCH3) 2-
3 PhCG',‘OOCH3 PhC(0CH3) ZCOOCH3
5 CH,COCHCL,, CH,C(OCH3) ,CHCL 5
6 . CH3COCOCH CH4C(0CH5) ,COCH,
7 CH3COCOCH, CH;3C(OCH,CH,) ,COCH,
* 8 CH3 (CHZ) GCOCHO CH3 (CHZ) 6COCH(OCH3) 2
| i '
OCH,
Ae
used as the eluent).
b. VYield after correction for recovered starting material was 74%.
’ C.
. {/ OC/MS.  See experlmental section for analytical details.
. d.
) e. The ratio of the 3:2 methyl acetal was 83:17.
/
. g
Wi - o
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2.2.2 MAcetals Fram Unact’ivated Carbonyl Cmgpc;unds

Unactivated ketones and aldehydes prove to be completely resistant to
methyl ;atcetal formation in the presence of chlorotrimethylsilane and °
methanol. It is possible, however, to form 1,3-dioxolanes in the presence‘
of ethylene glycol under otherwise identical conditions (Method B).
Surprisingly, in n\ethanc;lic solution with cyclohexanone as the carbonyl‘
compound, for example, formation of the ethylene ke;:al 26 is observed,
without concomitant formation of the dimethyl acetal (Scheme 2.15). This
characteristic of the reaction would allow one to selectively form a

methyl acetal from an activatéd c#rbonyl group in a molecule also

containing unactivated carbonyl groups.

CH,O_ _OCH, (ﬂ)
CH,OH | 6
T™MSCl * ‘
HOCH,CH,OH | .
| Scheme 2.15 26 'v

—
i

3

Many 1,3-dioxolanes are isolated in higher yields when the reaction is
carried out in_refluxing mgtﬁyle’ne —chlorgide (Methoed C). The work-up ard
purification procedures are very,similar to those described above for t.he
activated carbonyis (Table 2.2).

Aromatic carbonyl compounds, with or without activating groups
present;, prove to formm dioxolanes extremely slowly with trimethylsilyl
chloride. For example, benzaldehyde the most reactive of the aromat‘:ic

compounds tested, requires a much longer reaction time to form the]/

{
corresponding dioxolane 20, than do the aliphatic compounds mentioned

i

30
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Table 2,2:Examples of Ethylene Acetals Prepared fram Precursor éarbonyl Compounds.

Entry Starting Materfaly Product (Compound Yield Method Equiv. b.p./torr (m.p.)oé. Ref.
4 Number) ‘ T™SCl. Found Literature
1 PhCHO PhCH (OCH,CH,0) 20 64 Ba 2.2 . 107-8/13 154,155
2 77 . Da 2,2 _
3 PhCOCH; PhC(OCH,CH,0)CHy 21 ' 78 - Db 6.6 (61) (61) 156
4 . PhCOCH,C1 PhC(OCH,CH,0)CH,CL' 23 . 99 Db 4.4 (90) 157
5 PhCOCHCL ,, PhC(OCH,CH,0)CHCl, 25 78 Db 2.2 (58.5-59) (59—6?)% 158
6 ° 26 83 . Ba 2.2 174-80 159,160
7 v -~ 95 Da .2.2 _
B CgHOHO T - CgHCH(OCH,GH0) 27 64 Ba 2.2 ' 141-2/40 161
9 : 98 Cc .2.2 117-35/14
10 - CHCOCOCH;  « [CH3C(0CH,CHL0) ] 5 28 95 ca 2.2 (90) (90) 162
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a. Purified using flash chromatography (169 40-63mm. silica, E. Merck, ‘ethyl acetate-hexanes mixtures used as
& the eluant). '

b. Recrystallized from methanol. \\,//
c. Purified using Kugelrohr distillation. _
d. Recrystallized from hexanes. .

e. The solvent system was 3:1 acetone-methanol, v/v (method E). \
f. The solvent system was acetone (Method F).

g. Reaction temperature was -90°C.

h. Reaction temperature was ambient.



above, 'I‘hé isolated yields for both the aromatic and aliphatic series of
compounds, however, are similar. Even though forcing the equilfbrium to
the right by the use of a greater excess of chlorotrimethylsilane results
in shorter re’actionﬁtimes, no diffgrence in the isola‘ted yield of' the
final prod;.xct can be detected.

The activating effect by electron withdrawal from the carbonyl centre

could also be noted for the formation of acetals from aromatic carbonyl
compounds. Table 2.2 lists experimental results which indicate that the
amount of chlorotrimethylsilane reguired to effect the transformation
decreases -with the increasing acéivation provided by the electronegative
chlorine atoms within the series of acetophenone 21, o -chloroacetophenone
23 and «, a—dichloroacetdphenone 25, These reactions are done in
ethylene glycol since the reaction proceeds more slowly in other solvents

(Method D).

2.2.3 The Attempted Acetalization of o, B -Unsaturated Carbonyl Compounds

2
Wi th many methods of acetalization, the conversion of cyclohex-2~

enone to its acetal, for example, is accompanied by an undesirable shift
in the position of the double bona8l, Thus, this conversion is one way of
evaluating a new a ' talization procedure. A report in the literature
describes the use of pre-silylated alcohols (Scheme 2.1.6) for the

LY

formation of the ethylene acetal of cyclohex-z-enoneaz. Since the
expefimentél conditions are reasonably similar to=those of acetalization
with trimethylchlorosilane, it was anticipated that the latter reaction
would proceed smoothly. However, the reaction of cyclohex-2-enone with

ethylene glycol, utilizing chlorotrimethylsilane under a variety of

34



conditions, fdils to give the desired dioxolane. Similar attempts to
synthegize the dimethyl acetal using methanol also failed; although there
is the possibility that 1,1,3-trimethoxycyclohexane is formed (see

experimental section).

TMSO  OTMS @

o . ]
TMSOTf O
Scheme 2.16

@ .
A pseudo o, B-unsaturated compound is 2—methyl-1,3—cyclbpentanedione

29, which exists predominantly in the enol form (83% as determined by lh-
N.M.R.). The acetalization of this compound, with catalysis by p-
toluenesulfonic acid in the presence of ethylene glycol, is reported to

give a mixture of a , B-unsaturated products (Scheme 2.17)83.

,)' o O )
-
c . . .O ’ OH ' ‘ :L

a

29 °

O . ’

30 Scheme 2.17 ‘31
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When this reaction is promoted witr; 'chlo:otﬁmethylsilane, the monomeric
product 30 can be .isolated. This suggests that the reaction is catalyzec
by the hydrogen chloride formed .in s.itu from trimethylchlorosilane, ot
that i:he mechanism in the presence of the trimethylsilyl group mimics
acidic catalysis. The dimeric product 31 could not be isolated, although
this undoubtedly arises from the experimental conditions used (10 fold

excess of ethylene glycol).

—

2.2.4 The Formation of Grtho Esters
!

a specxal case of acetallzatlon is the conversion of an éster to an

7
<

ortho. ester, a reaction not known to occur in an alcchollc solution undexr
ac1d_1c conditions84, However, work with silylated ethylene glycol has
been shown tc; result in formation ofrspiro-ortho lactdnes (Scheme 2.18)85
and it had been hoped that this type of reaction would also take place in
the presence of chlorotrimethylsilane. ‘ Unfortunatel‘y, chlofotrimethyl-
silane faiis t;o\ induce the transformation of methyl benzoate 39 to
trimethylorthobenzoate 57 either in the pure alcohoi or in a solution of
the alcohol in dry tetrahydrofuran ('Scheme 2.19). As dioxolanes are
formed more readily than methyl acetals and aromatic carbonyl groups
agetal ize more sluggishly than aliphatic compounds, the corresponding
conversion of an aliphatic ester to an aliphatic spiro-ortho ester would
appear to be more promising. However, the attempt to form 2-benzyl-2-
methoxy-1,3-dioxolane 58 fraom methyl phenylacetate 46 was unsuccessful
(Scheme 2.19). Since trimethylsilyl chloride and other acid§ fail 'to

catalyse the reaction, it is concluded that the difference in the

relative stabilities of the products and reactants is such that a shift in
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the equilibrium to the right cannot take place.’

@ ’ ‘ OBn /__..\ OBn
. o) TMSO  OTMS o0, O
NoBn . /~© sl j
BRONL TMSOTS O AS
‘ OBn oBn
Scheme 2.18 -
- ] OCH,
COOCH,  TMSCI OCH,
' #— OCH,
f CHSOH 3
]
E " TMSCI '
; COOCH, —f— OCH, e
HOCH,CH,OH 0" % b
38 Scheme 2.19 58 -

i ' "

2.3 THE MECHANISM OF ACETALIZATION

f

A
t

R

The mechanism of acetal hydrolysis has been far more thoroughly
investigated that that of acetal formation. As a result, the following
discussion will draw inferences from the mechanism of the hydrolysis '
‘reactio'n and attempt to apply them to the case 'of acetal formation. The
mechanism of the hydrolysis of acetals (Al) has been well studied and
%ollows the scheme shown belowa(Scheme 2.19) 86,87, Of particular
importance are the relative magn;tudes of the equilibrium constants
between the intermediates and as well, the determination of the rate

determining step. The latter has been the focus of some controversy.

(- ' Some of the problems which exist in the determination of the relative
: \
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~rates of reaction and equilibriun constants, especially in the study

acetal formation, arise as a result of the properties of the intermediat

» o

argd the acetals themselves.

. . ,H
. +OH . HO "’OR”
-+ . ”
: ’ ,  -ROH. ,
R)?\R H R/U\R > RXR

®
—

. OH ¢ cl-)l OR”
- +
R R "R R’
H,Ol

n

. .-H . c
RO. _OR’ ' R0, *OR" . +OR
R><R’ ) i RXR’ _ @AR’

"

OR
o+
' R~ R
Schemg 2.20

v

2.3.1 Hemiacetals as Intermediates in Acetalization

" @

That hemiacetals are intermediates in acetal formation is well
documented, although the extent to which hemiacetal formation occurs for
some carbonyl compounds remains contentious. Studies which have been

undertaken have utilized the measurements of the heat of x:eactionee,

»
I3 ¥
* .
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deviations from additivity of the refractive index89,90,91, lH-~
. co i

NuM.R92/23, and the extensivé measurement of U.V. absorbances?4. The

. ’ s ) P 4
extent of hemiacetal formation in a variety of neutral alcohols id

documented in Table 2.3. ’ : L °
o N
§ N 4 ®

Table 2.3:The Extent of Hemiacetal Formation in Neutral Alcoholic Solution

-

\given as a percentage)

Carbonyl MeoH93  Etomd5 L -prow?5  t-BuOHYS  PhCHyon93
Gempound - ' ‘

1 | o ’

CH3CHO 78/97" 91 - 71 12 59
CHACHoCHO = 95t g7 58 - =

(CHs) HCHCHO 68/90" 81 " 42 - 3%

(CH3) 3CCHO 6 - ™ — a2l Ll
m3(fOCOCH3 34 T o » - - 9 '. :
cramcocy 0 70 T— = . S o
BrCH,COCH; 4795 . 22 I SUNS =
CH3COCH3 - 0.396 - . -— —_— e
p==C1CgH,CHO 0% — - - [

- (Ctg) 5CO-" 0% - - - 5
. . / &, . : h . . .
* From Ref. 95. . h - B

8 ‘ ¢ »

-

“

It ié evident from the data in Tabl 2 3 that steric effects a{re~quite

important. An increase in the Jsﬂenc bulk at either the aldehyde or the
alcohol’ decreases the amount of hemiacetal formation. - - t

Electromceffects are even more 51gn1f1cant. : Hemiacetals have been
isolated in oniy a féw cases, su;h.as chlora197? 59, cyclop/r:oper;one98 60

3 . - b} o

and ethyl glyoxylate?® 61;



/OEf Eto EtC\ ,
Cl,CCH CHCOOEt
' \ /

, OH ’ HO
' 59 60 61

g ——— —
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f;ar which the stabilization is attributed to an electron deficient parent )
' carbonyl compound. This relationship has been further explored by a-
qquantitative study of ‘the pfomotioh of hemiacetal foﬁation by halogen
substitutionl00, Hemiacetal formation in ethanol, observed using u.v.
' spectroscopy, st';rongly increases with successive chlorine substitution in
\tl';e following series of compourds; acetaldehyde, monochloro-, dichioro—-
ar}d trichloroacetaldehyde.
Hemiacetals -have also been isolated whose stability is due to their
’ cyclical structure (62, 32 and 63)101,102, The well known yariety of

N

stable cyclic sugars fall infd this category.

- lad
| HO- , , '
) o OH | e

d{"{ ‘ -
CH3(CH2)13CH2 o - OH ' o) ’

. O o W
: . )& OH

" 62 3 é 63

— ~ ———
Pl

2

2.3.2 ' Oxocarbonium Ions as Intermediates in Acetalization

~

4 *

Another intermediate whicb/"proves elusive to detection is the

~

53

oxocarbonium ion. The postulation that the reaction goes via this
intermediate TSchene 2.21a) rather than the nucleophilic pathway (Scheme
2.21b) is supported by the following cbservations}03/104; (i) acetals are

extremely resistant .to nucleophilic ‘attack by. hydroxide or pther

1 - -

3
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nucleophiles, a(ii) the volumes of activation for the acid catalyzed
hydrolyses of giin‘ethoxyxnethane, dimethoxy and diethoxyethane are close to
Zero or sli‘g;'xtly positive86,105, (iii) the entropies of activation'for the
hydroiysis of many acetals and ketals are neeark\z‘ero or slightly
positiveloe, (iv) steric effects are of secondary importance in acetal
hydrolysis1°7, making unlikely the participation of a nucleophilic
reagent, and (v) the observed p* for the hydrolysis of aliphatic ketal§ :

and acetals is ~3.60. .

.y _
RO+ OR. . %
RXR = R R

)
I
X

H
RO+ _OR
RXR' .
//“ Scheme 2.21

-

McClelland and Ahmad were able to isolate several oxocarbonium ions, for

example 64 and. 65, which are stabilized for a variety of reasons108,109,

" The study of the hydrolyses of these oxocarboniurh 1ons shows that the same

mechanistic pathway, as that for a normal acid-catalyzed jfacetal
hydrolysis, 'is followed. This strongly suggests that oxocarbonium ions

intermediates in the acid-catalyzed hydrolyses of acetals and ketals.

-0




OCH,CH,

During an acetalization process, these intermediates can also be
trapped‘llo or observed indirectly using lH-t\-l.M.R.lO:"‘and u.v.
spectroscopylll,112,

2.3.3 Acetals and Properties Affecting Their Formation

.

. r‘\
Under neutral conditions, acetal formation is not generally observed

for the mixture of an aldehyde or ketone with an alcohol113:114 1 the

présence of an acid catalyst, however, acetals are readily formed,

o “

although in general the reaction does not usually go to completionlls.
In acetal formation or hydrolysis, bond cleavage takes place between
the alcohol oxygen and th\e aldehyde carbon. This can be seen with 18¢

labeling experiments in the formation of n-butyl benzal 66 (Scheme

2.22)116
O(CH2)3 CH3 ‘
+ 18OH2 . = ] 2CH,(CH,);0H
O(CH,);CH, L +
cH®o
66 Scheme 2.22

i e b o & 2l i
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In agreement with these findings, the product of ‘hydrolysis of D-2-

PR P I

octylacetal 67 is D-2-octanol, with an unchanged optical configuration

(Scheme 2.23)117,

4

)

A
A

v CH, ,' CH, 3
| H*/H20 I :
cHacr-l(om-C‘;(c:r-s:,),c:H;,)2 = 2(HO|I|*%(CH2)5 CHy) 3
H H
-+
CH,CHO
67 Scheme 2,23

Tabley'z.é lists the percent of acetal formation ip acidic alcohol
solutions. A combarison of Table 2.4 with Table 2.3 indicates that, as
is the case with hemiacetal formation, increasing substitution decreaseé
the extent of acetal formation. Moreover, electron withdréwing groups
similarly favour acetal font;ation. For example, the equilibrium constant

for acetalization with ethanol is 0.074 for acetaldehyde and 0.112 for

’ 67 - . Y
br:camoaceQlc’i.ehyr:le:Ll8 . )'/// :
. . - // -
e -
e
/

Table 2.4:Percent Gf Acetal Formation in Acidic Alcohol SolutionllS

(A mixture of RCHO:R'OH, 1:5)

" AlGehyde > EtOH  {-PrOH 1 -BuOH ”“"“ ‘
. |

CH3CHO . 78 -, ‘43 23 7

(CH3) 9CHCHoCHO 71 23 —

(CH3) 30CHO 56 11 --\

CgHECHO .39 13 -
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In an attempt to quantify these structure-activity relationships,
Kreevoy and Taft107 studied the hydrolyses of twenty-one ethyl acetals and
ketals at 249C in 50% dioxane-water. They were able to develop an

equation which correlated the observed rates of hydroly\sis:

log(k/kg) = (Zo%) p*

Lo 1"’is the sum of the Taft " values!l® of Ry and Ry in RjRpC(OCHCH3) 2
and the standard reaction (rate coefficient kg) is the acid catalyzed
hydrolysis of 2,2-diethoxypropane ((CH3) ,C(OCH7CH3) 9). They observed
three straight lines in a plot of log(k/kd) vernsus g *, r'epre'senting a
series of acetals, l'<etals and a,B -unsaturated acetals, respectively.
All three lines have essentially the same slope, p *=-3.60. This high
— negative value for p * indicafes that the hydrolysis is accelerated by
groups with electron-releasing inductive effects (negative o*). An
example of this effect is shown in the . dramatic increase in the rate
coefficienf;, approximately 103°5, for each substitution of H by CHj in the
@ -position of diethylformal.

i

HyC(OCH,CH3) 5 < H3CCH(OCHoCH3) 5 < (CH3) 2C(OCHoCH3) 5

k = 413x1075 - - k = 0.245 k = 7.52x102

They attempted to modify the equation to account for the difference
between acetals and ketals. The modified équation includés a term which

relates the effect of hyperconjugative protons & - to the central carbon:
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log(k/ky) = (Zg') g~ + (An)h

The constant h, represents the stabilization of the reaction transition

_state by a single a -hydrogen atom (h=0.54%.006). An represents the

total number of a-hydrogen atoms (6-n). While this correction allows the
correlation of the acetals of aliphatic aldehydes and ketones, it does not
allow the correlation of the series of @,8 -unsaturated aldehydes.
Fro:q their studies they were able to conclude that; polar effects are
proportional to the substituent constants o and are additive, polar and
C-H resonance effects are separate and independent, hyperconjugative
effects are directly proportional to the number of g-hydrogen atoms, and
steric effects are second order in comparison to polar and resonance

-

effects.

.Studies on the formation rath:ar tha;ﬁtt}f hydrolysis of acetals and
ketals confirm the deperxéence of thel rayé; or; electronic effects. Bell et
al fourd the slope of a log K/K, versus o'* plot to be p*=+3.05 for the
fon.nati'on of a variety of methyl aéetalsgs. That is, acetal formation is

facilitated by electron withdrawing groups. To this extent, they are in

agreement with Kreevoy and Taft.

From the preceeding arguments it can be concluded that the gross
features of the met:::nisn of acetalization aré: (i) hemiacetal format:ionf
(ii) oxocarboni:Jm. ion formation, (iii) atetal formation under acidic
catalysis, and (iv) elimination of the carbonyl oxygen in the reaction as
water. ’ ‘ 'S

2.3.4 The Mechanism of Acetalization Promoted by Chlorotrimethylsilane

A}
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‘The classi:cal conditions for acetalization involve the use of a
‘ strong acid ‘in alcoholic solution. For example, benzaldehyde is converted

to the dimethyl acetal in methanol with catalysis by hydrogen chloride

°

(Scheme 2.24) 120,

. CH,O0. _OCH,
CHO CH,OH ‘ =
_ - H
HCI
CH,0H
- -
TMSCI \ 6
Scheme 2.24
= -
F

Chlorotrimethylsilane in methanolic solution exists in eqhilibriun with
L - . trimethylsilylmethoxide and hydrogen chloride (Scheme 2.25)121/122

2 (CH3)4SiCl + Hy0 == (CH3),5i08i(CH3); + 2 HCL

Scheme 2.25
It could be anticipated, therefore, that the hydrogen chloride generated
from chlorotrimethylsilane and methanol will catalyze the same acetal
e
formation fram benzaldehyde. However, under the conditions used (Method

4), no detectable amount of a, a -dimethoxytoluene is formed, ‘and

benzaldehyde to form a

therefore, the reaction cannot be proceeding by prptonic catalysis. The
proposed mechanism must account for the failufa*?

methyl acetal in the presence of the .hydrogew chloride generated -

D

‘ . . from chlorotrimethylsilane., It must also account for the vast difference

-t
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between the overall equilibrium constants, in the presence of
trimethylchlorosilane, of the formation of other unactivated acetals and

activated acetals (Scheme 2.26).

0 :
b | R)J\R' a
TMSCI
4 +
6H H = OTMS
8 8
R R’ S
¢\ | o
K2 | o k=21l
H_, H
H0>{>: K TMSO._. *OR”
‘ 3
R \ R R’ N k3
K-8 HO___OR” -3tmso_ _oR”
k_4 R R k=q R ’
& s ;
HOX OR” k4 H . ” k4
>< TMSO+ _OR
2 ’
R R ks k'5 RXR'
+
>~ OR” & 1
k- k
5 R )\Rf . K5
12
u R”OH ¥
. ' ”H ” . ' \
~ ’ - R R'
. 7—3' .' .
d Scheme 2.26

? !
. . ) . N

In- the proposed acetalization mechanism the trimethylsilyl group

forms.a complex of the type 68, based on the known oxophilicity of

[ . A

A

—



silicon. The differences between the intermediates 68 and 69 wil} affect
the overall equilibria of the two reactions. In addition, the other
silylated intermediates subsequently formed will affect the equilibrium of
the silicon promoted mechanism itself., The first factor to affect the
equil ibrium involves the properties of the trimethyisilanoi and water
formed during the reacfions.. The relative basicities of t:ffi’methylsilanol
and water are such that the ease 3.‘f elimination should be similar for
both. However, the large size of the trimethylsilanol will rendér it much

less mobile in solution. Its poor mobility is #xacerbated by its

of
hydro;::hobicity which is starkly different to that of water. Both of thesej

"factors lead to the possibility of a rapid elimination-recombination

\
sequence in the silicon-based acetalization mechanism (71-->72-->71).

That is, the likelihood of me\thanol trapping the oxocarbonium ion 72
derived from the intermediate 71 beforé‘;ecombination with the silanol can
take place, is reduced. This effect wole act to push the equilibrium to
the left, making this reaction ste;},l‘eéé favourable than the ccrresponéing
one in the proton catalyzed reacéion (KS(HZO) > Ks(Me3SiOH)).

A second factor to affect the equilibrium is the stability of the
silicon intermediate 68. It should be much greater than the correséonding
protonic intermediate __6_5, since silicon is known to effectively stabilize

a carbonium ion in the B-position, the so-called B -effect. Upon

‘formation of the siloxycarbonium ion the positive charge can %ocalize,-

essentially spreading over three atoms, 'I:his delocalization is not
possible in the case of the intermediate 69 where the positive charge is
spread over only two atoms, This stabilization will.act to push the silyl
equilibrium to the left when compared to the proton catalyzed equilibrium

(k_p(Me3SiOH) > k_5(Hp0)).

A ‘e
r




This latter effect will also alter the position of the equilibrium of
the chlorotrimethylsilane promoted mechanism itself; the alkyl carboxonium
ion will be less stable than the silyl-carbonium ion, pushing the

equilibrium to the left’ (k.2 > kg). Another factor which could affect the

silicon promoted reaction equilibrium is the protonation of the inter=-

mediate 70. The protonation of the siloxy group is less favoured than
that of the alkoxy group because of the relative basicity of the two
oxygen atoms. Although electronegativity calculations would predict the
opposite, electron donation fram the oxygen back to the silicon reduces
the electron density on oxygen, increasing the overall acidity of the
.silicon—bound oxygen specie5123. The acidity of silanols, for example, is
known to be much higher than the correspgnding carbinols. Thus, 'tf:he
preferred protonation of alkoxy groups should result in a gre;:tter facility
for the elimination of the alcohol, which in turn should push the
equilibrium to the left (k.3 > ky4). However, in 1i}ght of the rapid rate
of proton transferl24, and especially in consideration of the proximity of
éhe two oxygen atoms, the probability that this is a significant effect is
extremely low. -

All of the effects describedlabove show that the equilibrium of the
silicon promoted reaction has a much lower value than that for' the
correspo?xding proton ca‘taly.zéG reaction. 1Indeed, with unactivated
carbonyl groups, methyl acetal formation is not observed. Why is it theﬁ,
that methyl acetal formation can occur with activated carbonyl groups?
The raté determining step in the proton catalyzed acetalization may be the
addition of the alcoho‘l to the carbonium ion (72-->73). This postulation

results from the value of the Taft parameter p* for the formation of

.methyl acetals in acidic methanol?6, The value of o * is 3.05, indicating

49
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th@t( the development of a positive charge at the react.ion centre will
incréase the rate of ‘reaction. As hemiacetal formation oc¢curs readily;
this is the only step in the reaction sequence in whic;h the rate of
reaction will be dramatfi.cally er;hanced by the development of a positive
ch‘arge*. «If this _is true fgr the reaction promoted by trimethylchloro-

~“Silane, then it should be possible to observe a relationship between the
rate of formation of acetals and the electron density of the carbonyl
group being acetalized. Such a relationship exists; activated éarbony'ls
readily form metihyl acetals. Activation is provided by tile presence of
strongly electron withdrawing gro;Jps. This activation can be interpreted
as an increase in the electrophilicity of the oxocarbonium ion which
increases the rate of methanol attack over the re-addition of trirﬁethyl-j
silanol. No reaction is observed with unactivated carbonyls.

The role of the trimethylsilyl chloride in the acetalizatio% ’reaction
then, is twofold. First, the silicon must preferentially bind to the
carbonyl group. With preferential silicon bindiﬂg, the protonic catalysis
route is éffectively eliminated. Second, the trimethylsilanol must have a
fowe/ryingéui\}ijy in solution than water. This lower mobility allows fpr
recambination of the carbonium ion with -the silanol before methanol can
.nucleophilically attack ’(k_5(Me3si0H) > k_g(Hp0)), lowering the overall
equilibrium constant. The result is that methyl acetal formation under

)

these conditions can only take place with very electrophil)iycarboxoniun
. [
It should be noted that the elimination of trimethylsilanol to form the
oxocarbonium ion shouid have a negative p* since a positive charge is
developing in the transition state, and therefore, seems an unlikely

candidate for the rate determining step.
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- ions. That is, when sufficient electron withdrawal exists to activate the
t oxocarbonium ion to nucleophilic attack by methanol. Therefore, the
) ‘reaction mechanism appears to be in agreement with “a modified Al mechanism

in which activation by a proton is substituted with activation, by a’

. . s
trimethylsilyl group.

2.4 CYCLIC KETALS AND ACETALS \L

An abundance of data suggest that cyclic ketals and acetals react
guite differently flrnom the acyclic compounds described above. E‘or‘
instance, all known examples of cyclic ketal -and acetal hydrolysis have
.entropies of a;g_tivation~ ( Ast) less than zero and are generally lower by
~10 e.u. than the corresponding diethyl ketals or acetalsl?3, The only
exceptions to this are the hydrolyses of 1,3-dioxolane, 2-pethyl-1,3-

\?’i‘oxolane and 2,2-dimethyl-1,3-dioxolane, ~all of which have AS¥'s eEual
to or greater than zero, as do the dialkyl ketals and aéetals, The rate
data is also indicative of a dif;ference between these two classes of

" compounds. For example, the rates of hydrolysis (uide supra ) of the
diethyl ketals of formal, methyl formal and dimethyl formal increase

~103:3 for each substitution of an o -hydrogen with an o -methyl groupgs,

an electronic feffect. Al though the rate of hydrolysis 6f the
corres’ponding 1,3-dioxolane is increased .by a factor of ~103+3 on the

. substitution of a 2-hydrogen with a 2-methyl group, an increase of‘o"nly
+ ~101 is observed with the substitution of a second methyl- groupl25, 1In
general, the rate coefficients of hydrolysis of the 1,3-dioxolanes are

~101+5 lower than those for-the corresponding diethyl acetals and -104-4

( lower than those for the diethyl ketalsl?6? mhis demonstrates the great

[
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dependence of the reaction rate, for the hydrélyses of a series of 1,3~
dioxolanes, on the steric bulk of the groups surrounding the central
carbon. Another étriking example of this can be seen in the vast
difference in the rates of the hydrolyses of 2—phenyl—l,3-§}ioquane arnd 2-

127._ The rate of the latter is only one-

methyl-2-phenyl-1,3-dioxolane
£ifth that of the former even though electronically the substitution with
a methyrl group is expectgd to accelerate the reaction.

It is clear that steric and electronic factors afféct the cyclic and
acyclic acetals differently under hydrolytic conditions. Any differences

in the ease of formation of these two types of acetals should also be

attributable to those Factors which affect the rates of hydrolysis. In

_the case of dioxolane formation pramoted by chlorotrimethyisﬁlane, both -.

steric and electronic factors affect the amount of cobhserved acetal

formation. For example, a comparison of the formation of the dioxolanes

formed from benza‘ldehydq 20 a etophenoné 21, shows that the less

sterically bulky carbonyl grE) b, benz yde, requires far less stringent
conditions for good yields of the flioxolane to be isolated. In

consideration of electronic factors,the electron withdrawing effect of

. the o ~chlorine atoms decrease the severity of conditions required to

effect dioxolane formation from oc',a —dichloroacetdphenone K_2_§_, in
comparison with acetophenone 21 (Table 2.2). | ‘

It has been postulated that the rate 'determining step in acetai
formation is the addition of the alcohol to the oxycarbonium ion. If the
mechanism for cyclic acetal formation éarallels that of acyclic acetal
formation, a fundamental difference exists in the transformation which

occurs in the rate determining step. Whereas the acyclic system must

undergo an intermolecular attack of an alcohol on the’ oxycarbonium ion,
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the‘cy,clvic system can react

in an intramolecular fashion; the second:

alcohol is already appropriately placed upon the formation of the

carboxonium ion.

Intramolecular ring closure is a more facile step ‘than

&
intermolecular attack. When dioxolane formation is promoted by

chlorotrimethylsi lane, this difference between intra- and intermolecular

attack is readily observed. All of the aldehydes and ketones tested form

dioxolanes readily.

‘

On the &ther hand, only those carboﬁyls with )

substantial electron withdrawal from the carbonyl centre, "activated

carbonyls", undergo methyl acetal formation. This is easily understood in

¢

terms of the difference in the type of transformation occurring in the

rate determining step (Scheme 2.27). ' : .
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- ' HO] HO‘\ , -
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TMSO + TMSO 0 +Q - o. (@) “ ’—\

R/U\R' il R><R' = R Cou R'><R’
Schemg 2.27

\ .

2.4.1 The Stability of 2,3-Butanedione Cyclic Acetals

It has been shown that cyclic ‘acetals, are more readily synthesized
than acyclic acetals. This'difference in the stability and the ease of
formation of cyclic and acyclic.acetals is particularly well illustrated

in the case of 2,3—bqtanedione. 'I'he_#cetalization of 2,3-butanedione, an

to fo;m both methyl acetals and dioxolanes re’adily, although the latter
‘reaction should occur w‘ith greater facility. Whereas the monomethyl (14)
and monoethyl (15) acetals are ~easily’made ‘us‘;ing chlorotrimethylsilane in
the appropriate alcol}ol as solvent (Scheme 2.28) it is impossi~b1e to
iasiolate the corresponding monodioxolaage 74 from ethylene glycol under
other‘w’ise identical conditions. Neither can this compound be isolated

-7 under classical conditions with catalysis by p-toluenesul fonic acigl?8,

+~. Instead the very stable bis-dioxolane 28 is isolated in both cases (Scheme

2.29) ;/\ . _

N 1
activated carbonyl compound by the definition given above, can be expected
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.A variety of reaction cdnditions were examined in an attempt to

. BT N : .
isolate the monodioxolane. Restricting the eguivalents of the didne,

trimethylchlorosilane or.the alcohol, at room temperature, led. to mixtures'
. ) ¢ v - -
of only the'starting material and the bis ~¥ioxolane. Theréfore, a

tempéra’turé profile of the reaction was undertaken using G.L.C. analysis.

At -78°C, no J:eactmn products were observed, starting materlals only were

—it

‘detected. At 25°C, a mixture of the bis-diokolane and starting matenals "

was detected,.‘ .prev‘er, in the range of temperatures between -60 to -40°Cc
' peaks were detected whioch correspondéd to f‘:he starting dione, the bis-
dioxolape, 'and“a‘ peak of intermediate retention time which was-tentatively
assigned to'2-methyl-2-acetyl-1,3-dioxolane. Ufifortunately, all atte:ngt;.s

to isolate 'this product wereé unsuccessful (see the experimental section).
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Thus, the acetalization o£ 2,3-butan@ione, which leads exclusively to

‘ . bis-dioxolane from ethylene glycol, is illustrative of the greater
/ ’stability of the cyclic system and their correspondingly greater ease of

formation.

2.5 CONFIRMATION OF THE MECHANISM?

An interesting experimental result which seems to confirm the
participation of the trimethylsilyl group in the \acetalizarion mechanism
is the reaction of camphorquinone 18. Using traditional methoeds, this®
canpound is not known to form acetals ea\silylz9 and only after recycling

a the unreacted recovered startmg material several times, is it possible to
synthe51ze the ethylene glycol acetal in reasonable yleldsl~30 Because
' this»molecule is of the activated type, ig,is expected to form both the
(‘ " ethylene glycol and dimethyl acetals with' chlorotrimethylsilane.
Surprisingly, in }:he presence of ch:lorotrimethylsilane, it is not possible
- to‘eynrhesi‘ze the ethylene glycol acetal at either the 2-. or the 3-
) ‘ ] position. However, it is a simpfe procedure to, make the dimethyl acetal
" at predaminantly the 3-position (structural assignments were made based on
’ lreported lg—N.M.R. data13l). The inability of camphorquinone to form |
~ ‘ ‘“dloxolanes, an acetal which is usually easier to synthesize than methyl '
acetals, (vide ¢upaa): appears to conflrm the presence of a carbonyl-
trlmethylsz.lyl canplex {Scheme 2.30, followmg page). -
‘ Whereas the classmal protonic catalysis generates an mtermed:.ate
R + which has very small steric requ1rements~ 75, reactions promoted by—

o chlorotrunethy151lane -are postulated to proceed with the formatmn of a

(/ . carbonyl-trimethylsilyl complex 76 as an intermediate.- Upon formation of
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the siloxy-ethylene glycol acetal 77, the rathe£ bulky ethylene glycol
group forces the sterically demanding trimethylsiloxy group into the radii
of the C7-gem-dimethyl group. This intermediate should not be very stable
on the basis of these steric considerations. It may never form, but if
‘formed, should rapidly revert to 76. The smaller methoxyl grolu\p: will |
affect, to a much lesser extent, the position of the trimethylsiloxy group
in 78 and the formation of the dimethyl acetal is, therefore, favourable
enough” to be observed. .

The experimental results are most easily e‘xplaineda in tems of steric
bulk in the transition state which is a result of the presence of the
trimethylsi]_.yi group. Although direct evidence for s{licon containing
intermediates has not .been observed in silicon promoted acetalizations,
intermediates of thig type have been postuléted' in other similar
reactions132/133, A mechanism of this type, therefore, seems to be the

¥ LN

most reasonable.of those which can be postulated. 3

2.6 REGIOSELECTIVITY USING CJ'ILOROTRIME’I‘HYLSILANE FOR THE PROTECTION OF

1
LA

POLYOLS AS ACETONIDES

Much of the previous discussion has been devoted to the protection of

interesting carbonyl groups as acetals with simple alcohols. In an

analogous sense, however, one could consider the use of the chloro-

trimethylsilane prpcedure as a way to protect an interesting polyol with a
simple ketone such as acetone. For example, the use of trimethylchloro-
silane would seem to be ideally suited for the protection of sugar
derivatives, Compounds of this type usually have more than one pair of

hydroxyl groups which could be protected and it is important to be able to
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synthesize only the desired regioisomer., The use of chlorotrime ylsilane
has been shown to be accompanied by some chemoselectivity; methyl acetals
a}e only formed from activated carbonyl groups, and with the sterica?‘ly
demanding camphorquinone molecule the formation of methyl acetals is
preferred at the C3-position. It i;; of interest, therefore, to see if
the use of trimethylchlorosilane can offer any advantages in terms of
regioselectivity in the case of cyclic acetals formed from poj:ly-
hydroxylated compourxs. <«

Since it is now established that unactivated carbonyl groups are
unaffected in metl.hanolic—-chlorotrnpethyls_i lane soluticns, a 1:3 mixture of
methanol (to inc;rease the solubility of the pol;eu: sugars) and acetone (for
ketalization) can be used as the solvent system. Under these conditions,
ribose is can be corverted to 2,3-ribofuranose acetonide 32. This product

is the same as that which one would obtain when using strong acids such as

-~

sulfuric acid in acetonel34, However, the work-up in the case of the
'S
chlorotrimethylsilane procedure is somewhat less complicated.
The situation is quite different with the acetalization of glucose.

v

It i$ surprising to’discover that glucose reacts to form the 1,2-gluco-

4

v

. L]
f:}anose acetonide 33. Literature procedures indicate that this is not

the compound nommally formed from glucose under acetalization conditions.
Ingtead, ii'rgder kinetic conditions utilizing alkyl <so-propenyl ethers, for

example, -the 4,6-glucopyranose acetonide 1s selectively formed 133, Using

the more classical conditionsof strong acids in acetone, 1,2,5,6-gluco-

furanose diacetonide is the main product to be is_;olatedl36. The 1,2~
glucofuranose acetonide is usually obtained by partial hydrolysis of the
1,2,5,6diacetonide, for example, in sulfuric acial3’, Methodologies have

also been reported for the direct isolation of the 1,2~acetonide from

co {
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glucose, but these make use of several steps, albeit in an';on'e*-pot"
reaction sequence. Whether. the 1,2,5,6-diacetonide is the penultimate
product in the acetalization using chlorotrimethylsz.lane has not been

established.' .However, it is 1nterest1ng that this smple procedure gives

°
»

directly the themodyr;amm monoacetal.

Nucle051des can also be successfully protected by using chloro;
trlmethylsilane, for example, uridine is converted to the 2°, 3' 4,60--“L
propylidine derivative 34 (Table 2.2). This product is the same as that
which one would obtain using classioal proceduresl33'. ' - ‘

A simple compltpund which has been the focus of some interest is the

-

dioxolane 12139,140,141,142.143,144, 1,2,4-Butanetriol, the starting
materiai used for the formation of the dioxolane, can be obtained as
either the R- or S-enantioamer. As a resdlt, the diox%lane provides a way
to introduce a chiral fragment "of known stereochemistry directly into a
molecule. Corey, among'others, has used the compound to good advantaoe.
He was able, to synthesize both lZ—&!—Eini((S)—lz-hydroxy-s,8,14—@5-10—

I)Lané-emosatetraenolc acid) 140 ang prostaglandins Ey and F3al39

OH O_ © , OH
X ><
. . )

Although attempts to synthe51ze 36 from 1, 2 4-butanetriol have. been
reported to glve the de51red thermodynamic product, the dioxolane,
exclusively, its fonnetion is usually accompanied by contamination with
the dioxane 35 (for example, catalysis wikh p-toluenesul fonic acid in

acetone at roam temperature yields a mixture of 9:1 dioxolane:dioxanel""l).

, \ 60
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Meyers and Lawson proved the presence of both isomers by isolating the

dioxane and the dioxolane as their 3,5-dinitrobenzoate estersl!4S, They
N

. conclude that most of the literature preparations of the dioxolane, which

had been reported as regiospecific, in fact contain up to 10% of the
urﬁgsired dioxane. ‘

As chlorotrimethylsilane has been shown to promote dioxolane
forrnat;éon with sugar deriva;tives, it was hoped that the formation of the
écetogide from l,2,4-butan;atriol would proceed, and-take place wi;:h a
greater degree of regioselectivity than‘ occurs under classical conditions.
The reaction of trimethylchlorosilane with 1,2,4-butanetriol in acetone,
at room temperature or reflux, leads to an isolated dioxolane:dioxane
ratio of 9:1, similar to that found by Meyers, in 57% overall yield.
However, the interesting feature of the reaction is observed at -90°C.
The selecti‘;ity of the reaction is completely inverted. That is, the
dioxolane:dioxane ra‘xtio is 2:11, isolated in a}t'otal yiéld of 91%. The
struchral assignments were confirmed by comparing the 1g-N.M.R. spectra

of the 3,5~dinitrobenzoate esters made from the chlorotrimethylsilane

procedure at both temperatures, with a sample prepared by the method of

Hayashil4l.

The advantage of the use of chlorotrimethylsilane, therefore, is the
obterftion of both acetals, the dioxolane 36 and the dioxane §_§_ (Scheme
2.31). The regioselecti'vity of the reaction when promoted by chlero-
trimethylsilane at elevated temperatures is about the same as that for
classical conditions; the dioxolane 36 is favoured. However, unlike the
classical conditions, this reagené is Eeactive enough to be utilized at
reduced temperatures and these milder conditions allow the trapping of

kinetic product, the dioxane 35. Thus, the use of trimethylchlorosilane
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et s s gAY DY

4 LR B v 4 33 4



At TS s b e - e - T

allpws the isolation of either of the desired acetonides. When a single

-

enantiomer of 1,2,4-butanetricl is used as the starting material, it
. should be possible tg use the same starting chiral fragment to introduce a
chiral centre to a molecule in two different ways; from the l-hydroxyl
group of the dioxane or from the 4-hydroxyl group of the dioxolane. Thus
the use of this reagent allows same contfol of the regioselectivity of the
hac_etalizatipn reaction of polyhydroxylated compounds over‘that of -

traditional methods and increases the potential utility of- simple

mole'cﬁles, such as 1,2,4~butanetriol, in the total synthesis of chiral

moieties. £

- _ ‘Hm

3

£l

o Scheme €2.31

-

2.7 ESTE#S OF CAREDXYLIC'ACIDS SR

The carboxyl group is a classical example of a functional group which

-
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reéuireﬁ protection in a synthetic organic schewme. There are generally
two approaches to the use of esters as a préte:.cting group for this
functionality. First, readily prepared esters can be used or synthesized,
such as methyl and ethyl esters. Ther; hmild, selective, and if possible,
nop-hydrolytic conditions can be devised for their cleavage in an attempt
to prevent the decamposition of acid or base sensitive groups in the rest
of the molecule. Second, novel types of esters can be devised which are
cleaved under non-hydrolytic conditions. Esters of this second group can
jbe removed by making use of the chemical principles of oxidation,
reduction, hydrogenolysis, and so on., The limitation-of this technique,
quite often, is in the difficulty of preparing the ester. Paralleling
this work in carboxyl group protection is the search for d}ffere%means
to activate the carboxyl group to esterification, to lactonization, or to
the formation of amide bonds. - Thus, when choosing esters for the
protection of carboxyl ic‘?acids, one must consider not only the ease and
conditions of formation, but also the mode of activation of the carboxyl
group to nucleophilic attack and, equally importantly, the ease and
conditions of deblocking the carb03<yi group.
. L r ( ) . - ¥ ‘ .

2.7.1 Deprotection of Esters

Methyl and ethyl esters can be selectively removed under mild

., conditions. These esters are particularly simple to remove by anions

(iodide164, chloridel65 and thiolatelGG) or neutral molecules (thials]-67,

DBN168 or DpUlsg) in dipolar aprotic media. The small steric hindrance of '

these alkyl esters at the reaction site does not prohibit their ‘SNz

"displacement under the conditions employed. The synthetic utility of this
r
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s‘NZ reaction for the deprotecting of esters became popular on the advent
. ' of its use by Eschlenmosernos Two examples of this type of selective de-

esterification are shown below {Scheme 2.32) 1,

oL

;- ¢ COLH,8

( ) ‘ | Lil - BN
| ' by o .
, I : A ‘
. L : _— 07" CoLH.LCH, /}
- . . : . N COzH . -
Scheme 2.32°

-
.

A second clags' of esters of intereét is composed of those which have

a greater steric bulk than methyl 'og éthyl‘ esters bu't can still be

de‘blockéd u;ade'r mild, aprotic conditions. The parti;:ular esters in

L - Question are the 2,2,2-trichioroethyl, 2-trimethylsilylethyl and other g-
substityted ethyl estpr derivatives. The ease of their de-esterification

is a result of the facility for the elimination c;\i{\ethénic components /

‘ (Scheme 2.33). l



ﬁ Nu + NuX
Nu X ¥ Zz -
Zn cl’ ¢l cl , i i
) \ Si ME3 H H

Scheme 3.33. i !

As with so many concepts in modern synthetlc organic chemistry, the
perception that this transformation would occur readily originated with .

R.B. Woodward. He was able to use the 2,2,2-trichloroethyl ester, which

" was subsequently cleaved using zinc-acetic acid, in the synthésis of

cepha.losporin239. An analogous transformation i1s the B -elimination of 2-

1

trimethylsilylethyl esters, which can be easily removed in the presence of

/
fluoride ions in anhydrous medial72:173, 7TMis reagtion is usually

4

chemoselective for the silyl ester group (Scheme 2.34).’ \
®)
RO  HO
i
u . 65
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On occasion, the conditions required for cleavage of g ~substituted
esters cause the decomposition of other functionalities in the molecule.
In those .cases, the mild condjtions for cleavage of benzyl esters make

them the protecting group of choice. Benzyl esters are easily cleaved by

'hych:ogfnrxolysis”4 175 or if properly substituted, in mlldl{‘amdlc

solutlon176'177 Yme former process can be carried out catalytically on a
column of pa,lladn.m on charcoal at rocm temperaturel78.
For situations in which' the alkaline sapon}glcatlon of esters is not

possiblel??, the properties of Z-butyl esters make them especially

' - attractive as protecting groups. They are resistant to hydrogenolysis,

and under normal conditions, ammonolysis and base catalysed hydrolysis.
They can, however, be cleaved in acidic conditions. The fission of the

al)gyl-oxyéen bond .leads to the splitting off of the Zf-butyl group as iso-
' ) ]

butylene. The acidic conditions-required are usually mild; for example,’

trifluoroacetic acid at roam tsnperaturelso or jp-toluenesul fonic acid in

' refluxing benzenel8l,

+In light of Ehe;se well known techniques for deblocking carboxylic

esters, ‘there is.an intexest in methods which promote the formation of

such esters under mild conditions.

2.8 ESTER FORMATION PROMOTED,BY CHLOROTRIMETHYLSILANE

.
v ‘

Hoffman and Kandathil78 have described the-conversion of pyruvic acid

to ‘methyl 2,2—dimethoxypi:opionate‘ (37) (Scheme 2.35a). Both ésterifica}:iqn

~

and ‘acetal»i'zation are achieved in a single step. In view of the

successful use of chlorotrimethylsilane in the premotion of acetalization,

it 'was *import‘?nt to discover.if chlorotrimethylsilape would promote both
DY ) - . . ' o )

o



_.the expected ace‘ta'l'i,zation of this activated carbonyl group and the
esterigicatiop of the carboxle}c acid. Using methanol as the solvent,
pyruvic acid is indéer; converted to the acetal-ester (37) (Scheme 2.33p).

" CH,O._ _OCH, ’

"
N . -
'

L)

' / p-TsOH ‘Y
COOH CH,OH - €OOCH,

: CHO
\ ) ﬁ ,
. Me,SiCl ! 31
' Scheme 2.35 .

[

" Howevet, it- remained to be determined which transformation was occurring

first; if indeed the relative rates of the two reactions .are significanﬁly

different. -.To this end, the reaction of benzoylformic acid (phenyl-
) [

glyoxylic acid), an easier compound to handle, was studied. It is

observed that estenflcatlon is the first reactlon to take place and that
the reaction segquence can be stopped at elther the ester (9) or the
acetal-ester stage (l_Q) (Scheme 2.36).

<
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- 5. CH,OH 9
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¥ Scheme 2.36
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’ The scope of the-esterification procedure was further investigated using a

7oV diverse selection of both alcohols and carboxylic acids. -

ﬂ’ ' . ¥
1
1 o ° a

R 2:&.1‘ The Preparation’ z:_f Synthé&iéal’ly Useful Carboxylic Esters

7
t ~ 5

.
x> i -

A va.r"iety‘of ca:boxylic‘:;éci{is are converted t::o their methyl or ethyl

, "e'stvers s'imply by si:ir,ring..the acid in.the appropriate dlcohol with 2.2
eciuivalents of chlorotz:imethyls’ilanelsz. The reactions are perfommed ‘at -

d ‘;room i:emperature under an inert atmoéphere (Method 3). In most cases, the

work-up simply involves removal of the solvents under reduced pressure

followed by purification of the crude residues by chromatography or

e
P
—

_distillation.
It 1s sugprisiqg. to discover the extrerneiy large range of carboxylic -

acidg which are readily converted to esters. A selection of aramatic and

( simple aliphatic acids, such~as benzoic, p-nitrobenzoic, phenylacetic and

L] Y -
12-hydroxydodecanoic acids, can be isolated as their megfhyl and ethyl

\ *est;ers (Table 2.5). Amino acids are bpartlcuiarly suitable molecules to

o
\\ ' 1
- - -
H
) .




+
o s .
A S » YSALIIR
R R S T e —— ot ” B g R e R, PR W DRG0 v TR SR O

:}.T\‘) >

i
°

L acsy

@ r
A .

R &

!

esterlfy, mettRpl leucmate, methyl and ethyl hippurate and methyl 6-amino-

pen1c1llafzoate, are all isolated as their hydrochlonde salts. An example

of the mildness of the reaction can be seen with the latter campound. The
methyl ester is isolated in 84% yield after a 5 minute reaction at room
;:empera‘tixre, without scission_uof the labile g -lactam bo;'xd. One
particularly interg'sting example shows ‘the selectiviyzy of this
esterification method for 'certain carboxyl groups. W‘hilel-l,lz-
dodecanedioic acid is readily protected as the dimethyl ester, the method
displays a sglectivity for the Sk-carboxyi group of glutaxnic acid. In
either methanol of ethanol, '/the corresponding 5-alkyl ester is i;blated
after reaction times of just 6-30 minutes, respectively. In either case,

only small amounts of the dialkyl ester can be observed, even when the

conditions are more forcing, for example, with excess chloro-

-

trimethylsilane. - j
In addition to methyl 3nd ethyl esters, several other esters are
often required in organic synthesis viz. the 2-trimethylsilylethyl, t-

butyl, trichloroethyl and benzyl esters. Usually, the cost of the

»

precursoi alcohols precludes their use as a solvent. To take account of

this fgct, dry tetrahydrofuran and an excess of the alcohol are used as

the solvent system. In this solvent system, the carboxylic acid t® be

esterified is.refluxed for 1l.5-2.5 days (Method B, Table 2.6) in the

presence of an excess of chlorotﬁ:i:;nethylsilane.

Excellent results are /céaigied with this method in the synthesis of
both benzyl and B -trimethylsilylethyl esters, although the results with
benzyl alcohol ;re uncharacteristic of the ester;fica;ion reactions witlh

other alcohols (vide .{nfwa). Allyl and crotyl esters can also be formed

using this technique. In the esteri(f,ication of N-carbobenzoxyglycine with

)
\
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Table 2.5: Examples of Esters Prepared from the Precursor Carboxylic Acids

Ref. .

JSF I N

Entry Product (Compound Method Reaction Equiv. Equiv. Reaction Yteld(%)a bag. ./torr (m. p.) . ;
Number) ~ Time(h) TMSCl R'OH Temp. (°C) Found Literature ‘ %
1 a{3g(oc{13)2coom 37 ‘abc  oNd 2.2 125 2 92 . 62-63/12 18 - ]
2 PhCOCOOMe 9 Abe 72 2.2 17 2 ."89 e ©246-248 222,223 :
3 PhCOOMe £ 39 ab o 2.2 15 22 ‘98 . 198-200 222,224 -
1 Me0OC(CH,)  oCOOMe 40  abf oN 454 125, 22 85  (30.5-31) {31) 222,225,226 |
5 HO(CHy) ,CO0Me 4 abf ON 222 125 2 96 (31-2) (33-38) 222,227 ~ 3
6 . PhCONHCH,COOMe 43 ab  ON 2.3 490 22 . 85°«  (80.5-81) (85) 222,230,231 ,
7 (CHy) jCHCH,CH(NHiCL)COOMe 44 A gh 66 o 4.4 125 - 22 97 _ (145-6)  (146) 222,232 s
8 HOOCCH (NH,C1) CH,CH,COOMe 42 Agh 0.1 2.2 82 22 85 (157~8) (160-1) 228,229 §
9  HN SD™—— AN Co , - o %
l |\Z< HCl 45  Agh 0.1 2.4° 750 22 . 84  (136-40) 233 ‘
. O N SR ) P : ' *
, »*  COOCH, . - S
10 CgHgCH,COOCH, "7 46  Ab  ON 2.2 50 22 84 215 222
11  p-CH3PhCOOEL a7 Ab 18 2.2 85 78 % . 228 222,234
11  p-NO,PhCOOEt 48 ' AD 48 2.3 89 78 81 (55.5-57) (56) 222,235 g
12 PhCONHCH,COOEE 49 ai 40 2.2 190 2 97 (61.5) (67.5) 222,236
13 HOOCCH(NH3Cl)CH,CH,COOEt 50 A gh 40 2.2 85 22 673  (166.5-7.5) (170-0.5) 222,237 ,
a. Isolated, after purification. The purity of the final product was confirmed by NMR, and by GC (5% OV 101 on - ‘ *‘

Chromosorb W) or TLC (Alunlnum backed silica gel 60 plates, 0.2mm using as eluant 1:1:1:1 acetic o 2
acid:water:n-butanol:ethyl acetate for the amino acids and ethyl acetate-hexane mixtures for the rest). The ;
purity of the crude residues (liquids), before purification, ranged from 74-100%. !

b. Purified by flash chromatography (16g 40-63mm silica, E. Merck, hexanes—etlfgcl0 acetate mixtures used as eluant).

c. The starting material was pyruvic acid. Under these conditions, the reaction
but formed the acetal estér.

- I

&

uld not @opped at the ester,

1

&
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S
d. Overnight. No attempt was é\ade to minimize the reaction time, o
e. If Method A was used, only the acetal ester was isolated (55%). GC y\ieid, the remaining 11% was the acetal ester ;g
- - (Isolated yield 83%). > | i ' 5
f. The solvent system was®25 mL methanol, 10 mL hexane, and 15 mL ether. The solution was neutralized to pHG with a
5% solution df sodium methoxide in methanol, evaporated and purified by flash chramategraphy.
g. The starting material was the free amino ac1d, not the hydrochloride salt.

yu

h. Recrystallized from methanol-ether.
_i. Recrystallized from ether-hexanes, . E

j. When accounting for recovered starting material, the yield was 92%.

Table 2.6:Examples of -Same Less Usual Esters from the Precurser Carboxlic, Acids " ‘ /j
Entry Product {Compound Method Reaction Bquw. Equiv. Reaction Yield(%) b.p./torxr (m.p.) Ref,
+ Number) Time(h) TMSCL R'OH  Temp, (°C) Found Literature
1 HO(CHy) 11CO0CH,CgHg, 51 Ba 48 2.2 3.5 22 . 61 o
+ HO,C(CHy) 11 0CH,Celig . . 14
2 PhCONHCHZCOO(}izPh 53 B a 30 2.2 2.1 66 T 65 (86.5-87) (87-89) 238
3 HO{CH,) ;) COOCH,CH,SiMey 54 Ba 64 6.6 3.4 66 , 713b '
4  CgHgCONHCH,COOCH,CH,SiMey 55 Ba 42 5.0 2.5 66 98 :
5 phconncmzcoocsun 52 B c 24 2.2 28 25 84 {(101) (105) 330
6 CgHgCHoCOOEE 56 cad 1.5 0.54 34 25 61 227-8 222
s ) ) ) - o
" a. Purified by flash chromatography (16g 40-63mm silica, E." Merck, hexanes-ethyl acetate n\ixtul:es used as eluant).
b. Accounting for recovered starting material, the yield is 79%. - ’) :
- c. 'me alcohol and solvent for the reaction was cyclohexanol. . -
- d. The reaction was promoted by silicon tetrachloride, not chlorotrimethylsilane. a s - .
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allyl alcohol, for example, the c‘onditﬁons are mild enough to allow the
desired reaction to take place witﬁ;hout concomitant Eleavage of the
protecting group332, .

. Whereas %enzyl esters have been prepared under a wide range of acidic
and basic conditions, B-trimethylsilyl esters are most often made under
basic conditions; the formation of the latter has been reported using DCC
in pyridine173. Esterification with chlorotfimethylsilane proceeds under
mildly acidic conditions. This gives the synthétic chemist more choice in
the conditions available for the protection of the carboxyl group ir‘u the
presence of other functionalities in the molecule.‘ This facile and
inexpensive procedure thus offers some considerable advantages over
traditional met{zods of esterification. A
| Nc;t all esters are amenable to formation in/the pres;nce of
chlorotrimethylsilane. Under a variety of conditions, for-example, it
proves impossible to synthesize 2,2,2-trichloroethyl esters. Also, aven
under forcing conditions, tertiarj;/-butyl esters are resistant to formation
from f-butanol. Hdwever:, secondary alcohols’ appear to be amenable to

ester formation based;, in one case, on the synthesis of a cyclohexyl ester

from cyclohexanol. ' The reasons for these results will be dif;cussed below.

P

N l,‘
2.8.2 Transesterification

Originally, an attempt was made to di-esterify the S5-alkyl esters of
glutamic acid. The aim was to achieve diprotection of the two carboxylicq
acids with different protecting groups. Thus, the esterifiﬁation of 5-

\

thyl glutamate (50)(HC1 salt) in methanol was undertaken using chloro-

trimethylsilane. However, none of the desired S-ethyl,l-methyl glutamate
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is isolated (Scheme 2.37). Instead, an unexpécted transesterificatibn

.process leads to a mixture of the 5-methyl (42) and 1,5-dimethyl (38)

esters. The complimentary transformation of S5-methyl glutamatq;HCl ‘ (42)
in ethan'ol with trimethylsilyl chloride leads to a mixture of the S5-methyl
(42) and 5-ethyl glutamateé (50) (HC1 salts, Scheme 2.38). Having observed
that transesterifica:\:tion takes place under these conditions, the
generality of the reaction was investigated using a variety of alcohols.
The transformations attempted were performed either in the alcohol as

solvent or in another solvent with an excess of the alcohol to be

- transesterified. Results indicate that only those alcohols which form

esters directly fram carboxylic acids in the hpresence of chlorotrimethyl-
silane, such as methanol, ethanocl, and 44 0-butanol (Schemes 2,37, 2.38,
and 2.39), are transesterified. Less reactive alcohols which do not
esteri?y carboxylic acids directly, such as p-nitrophenol (Scheme 2.40),

ekhibit no tendency to be transesterified.

NH4CI ;  NH4CI
MeOH /\/k 42
EtO,C COH ——> Meozg COH 2£
' TKHSCI
. }A . NH,CI
* , MeO.C CO,Me

Scheme 2.37

\\ ’ ' NH,Cl : ) NH,Cl-

/\)\,. "EtOH | /\/k ‘ 42
MeO,C COH ——> MeO,C COH

TMSCI +
° . NH3C'

-+
| EtO,C CO,H

Scheme 2.38
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Scheme 2.39
/

HO OQJ .
. / )
“ CO,CH C NO
) Xy g Qf@' 2
TMSCI
. Scheme 2.40 R -

L4

The predictability of the results of transesterification is poor.
Therefore, it appears not to have any general synthetic utility and can

only be regarded as a curiosity. ; J

2.8.3 The Unusual Reactivity of Benzyl Alcohol 4

3

The reactivity of benzyl alcohol is different from the other alcohols

' used in esterification. In the esterififation of 12-hydroxydodecanoic
acid with benzyl alco};ol, for example, both the ester (51) and ether (81)
are formed in an inseparable' mixture (Scheme 2.41). In add1t10n, the
attempted transesterification of methyl benzoate (3%) in dry tetrahydro—
fur}n gives after chromatography, none of the desired transesterified
materlal, but gives instead, a mlxﬁure of the startlng materials and
benzyloxytrimethylsilane (82) (Scheme 2.42). As_well, in an attempt to

transesterify methyl phenylacetate (46) in pure benzyl alcohol, only the

4
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- starting materials and benzyl ether (83) are isolated (Scheme 2.43).
g TMSC “
HO(CHQ)“COQH il ©/\O(CH2)"COQH 51 -
& * .
. « HO(CHQ)" C02 ‘g_]: <
y

-Scheme 2341 )\

‘ -y

N COOQCH, TMSC! COOCH,
- THF
L & o+

| \ 100%
| / TMSO
e . -
.Scheme 2.42 .82
N #
H )
n%' .
~ | coocH, ML, COOCH, \
{ N .
L 100%  + :
0
{ - Scheme 2.43 83
"
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This unusual facility for ether formatien is not observed with other

alcohols and Might be ‘ascribable to the stability of the benzylcarbonium

ion.

2.9 THE MECHANISM OF ESTER FORMATION

2.9.1 Acid Catalyzed Ester Fomation ~

Tne fundamental features of

/

6N

\_

the mecnanism of ester formation in

mildly acidic conditions are strikingly similar to those of acetal

formation.

ester formation have been studied in great -detail.

mechanism, Ba~2, 1s outlined in Scheme 2.44183.

I

I

OH

-
Al hon
R OH -

!

OH
K,
- N
R OR -
Scheme 2.44

X,

LA
Ho_' +OR
RXOH
I

HO OR’

o

I
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Unlike the acetal reaction, however, both ester hydrolysis and
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In either ‘direction, the rate détermining step is the nucleophilic

t ' addition of water (k,, hydrolysis) or an alcohol (ky, esterification) to a
carbonium ion. |

The main evidence supporting the addition-elimination mechanism is

the result that ester hydrolysis is accompanied by carbonyl-oxygen

exchange. This occurs in an acidic solution, and more rapidly, in basic

sblutionl84. - In acidic media, the protonated fomm of Dthe acid exists with

the pioton residing on the carbonyl rather than on the ether oxygen. This

’ A has been determined by both Infra-redl85, Ramanl86 and lH-lg:.;gi.R. ;

studies87, 1t is by the protonation of the carbonyl oxygen, whereb\y all

’ distinction between the two oxygen atoms is lost, that isomerization can

' .

occur. In addition, it has been shown that cleavage takes place between

the acyl caigf)on—oxygen bond rather than the alkyl carbon-oxygen bond.

- There is good ¢vidence to support this. For example, the formation of

-

¥
i" + methyl benzoate from H180CHy and'benzoic acid gives the labelled ester

(Scheme 2.45).
<
1
CH, 0H ‘/beH, e

COOH —— Q%

Scheme 2.45

> ¢ Generally, the acidic hydrolysis or formation of esters are proton—
catalyzed processeslss. However, some exceptions to this are, the
catalysis of ester hydrolysis which has been observed with Lewis acids .

int:e::molec:ularlylagrlgo'lg1 and by Group IV organometallic moieties intra-

T T e e
.

molecularly. (Schemes 2.&36 and 2.47)192.




f

R'CH—C—OR' NS RCHCOOH .
/ Il - : /
NH, O : © NH,
ST .
. / & o, ‘
\ ' : Co M*= Cu2+,C02+, Mn2+,Caz+. P
Scheme 2.46 : : .
R,M-"Q oEt . R,M  COOH

SR

, OE(
I
v

Pl

M= Si,Ge, Sn." ’ s

. Scﬁeme 2.47'

2,9.2 Factors Affecting the Rate of Ester Formation

The sensitivity of ester formation to polar groups adjacent to the
acyl‘ group is quite small. Essentially, any increase in rate of addition
of ﬂthe alcoho}. to the protonated intermediate, caused by electron
withdrawing groups, is offset by the decrease in ease of protonation of

- the starting aqid19.3. This is an important point, since the basicity both
of esters and acids is relatively small.- For example, the pK,'s of
CgH5C(OH) o* and CgHgC(OH) (OCH,CH3)* are -7.26185 and -7.36194,

respectively.

Aromatic derivatives are generally much less reactive towards ester

1)

formation than the corresponding aliphatic compounds. This has been
- /
ascribed to the following effects; the stabilization of the initial state

by delocalization ard inductive electron-withdrawal by the ringlgs. In

nonaromatic, conjugated carboxylic acids, lower rates of ester formation

78
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are also observed due to a stabilization of the intermediate carbonium
. ionl96, | |
Steric effects are also extremely important in ester formation. An
analysis of the transition state reveald two salient factors; the
- transition state is more crowded than the initial state because the
central atom is close to tetrahedral, and more ordere;i because two
molecules have combined to form one (Scheme 2.48)197, Therefore, the

introduction of either a bulky acyl or alkyl group can dramatically

increase the free energy of activation, and thus, decrease the rate of

formation.
LY *K\ .
.H ‘ .
-0 HOL &OR
. S
, H+ e
R/u\on«u-ROH = R>\OH S
WHY
= o)
-
R'/U\OR + H,0

Scheme 2.47 .

Tables 2.7 and 2.8 give examples of the activation parameters for the, f
b H
formationzof some selected esters. The separation of entropic and’ \
enthalpic contributions by a given group is not necessarily a simple
procedure, as a group which has an effect on one usually alters the other ' ,
as well. Generally, however, a bulky substituent close to the reaction
centre will increase tlie non-bonded compression energy as the transition

state is formed. This will cause an increase in AHf. At the same time, .

it will hinder the close approach of solvent molecules, thus minimizing
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Table 2.7:Some Representative Activation Parameters. For Methyl Ester

‘% . lf L " , Formation ’ )
Carboxylic Acid M-]T Ast . Ret.
HOOOH 9.4 -27.5 " 199 ,
CHCO0H ' 9.4 , " -32.5 199 !
CoHsCOOH 9.4 -33.9 | €199
(CHi3) 3CCOOH 10.8 -34.6 200 , - L
Csiisczizcoou ' 983 . -34.5 201 ’ ) o
) , CgHs (CHp) 4COOH 9.3 . =34.3 202 ‘
- -k CgH11C00H 9.4 -35.7 - 200 ’
CgH 1 CliyCOOH 9.9 -35.3 200
' CgH11(CH2) 3COOH 9.5 -33.8 200 T
) CgHgCO0H ~15.4 ~24.1 203 ] -
.+ m-CH3€gH,COOH 13.2 -29.8 204 ’ '
* P —CH3CgH4COOH 13.8 -31.2 204

A}

Table 2.8:Representative Activation Paraméters for the Formation of

Q : 205 , .

Cyclohexyl Esters
71

R Substituent X in ~ AHF A st
X~CgH4qCOOH | RENE
\ O meCHy 19.4 . -21.3 B
p-CH3 17.9 -26.3
| pH3c0 19.6 ~22.4 ‘ N ‘
-H3CO . 17.8 -27.8 ‘ L
p-NO, - 18.0 x26.5 o
mNOy . 17.7 ~25.8 ' . S
0-NO, | 16.8 -28.9 - ' T .
o-F 16.9 -28.3 - N '
pocl 17.7 -27.1 |
~Cl , 17.5 -27.6 - . . -
' o-Br - 18.0 ~26.5 ) :
C o1 17,0 ~30.3 | L
| | o
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solvation.. This steric inhibition of sol'vation will l'ead to a further

increase in A H‘f, but as-decreased soivation means less ordering of
¥

.

solvent molecules, a compensatory increase in 451‘ will also be observed.

@

Finally, a bulky substituent may block certain vibrational and rotational

degrees of freedom, more in the transition state than the less crowded

+
.

initial state, reducing AST198, ' i ”

The principles described above are reflec“ted in a,comparison of ‘the
activation parameters for the formation of methyd acetate and methyl
trlmethyiacetate. The 1ncr—;~ése§ steric bulk of the latter leads to a
larger value for A“Hf (9.4 and 10.8, respectively) and a corréspondingly

smaller ‘value for A s# (=32.5 and -34.6, respec‘tively)l%rzoo. The

Q
effects of steric bulk on A Sﬁ can also be seen in the vast rate

"

differences between the formation of methyq}] formate and metnyl acetate

3

esters (Table 2.9). .

v
o

O~

.

Table 2.9:The Observed Rate of Formation of Methyl Esters an Methanolic

HC1 at 25°C (lmolel.secl)

Acid - ) Kobs * 102 . Ref. .
HCOOH (1n ag. HCl) 83. 199 ‘
CH1CO0H_ . 5.93 199 - .
CH4CH,COOH 573 * " 199 I |

CHs (CH,) 4 COOH 292 ! 199 e i
(CH3) 3CCO0H 0.194 200 ° ) Y
CgH11CO0H 1.18 202 o

o

AN

in genéral, a polarity difference in substituents ‘would be reflected in

A Iﬁ. However, since the A H’f's for"bothltran,sformationso,are the same

(xl

(9.4, Table 2.7), the difference in the rate of formation is due entirely

)
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to changes in AS$198,199 rthis decrease in A St (Table 2.7) increases

!
with larger n-alkyl groups R' (in R'CO3), until eventudllya plateau is

<

. reached and is reflected in the rate of ester formation (Table 2.9)> This

Q

must reflect the loss of degrees of freedom in the transition state with

the increasing size of R'.

2.9.3 The Mechanism in the Presence of Chlorotrimethylsilane

The overall mechanism for ester formation irLt—l}e presence of chloro-
trimethylsilane most.likely follows two different pathways. Although
catalysis via the protonic route is probably algo occurl‘:i‘ng to some
extent*,,the main pathway seems to be one in which the triméthylsilyl
* One can speculate that- the-protonic route is an ;ctive pathway based
on the following stoichiometric considerations for the conversion of
benzoylformic acid to its methyl ester. If the reaction is performed in
methanotl as the solvent and/or with 2 equivaients of trimethylchloro-
silane, the reaction does pot stop at the ester stage, but a mixture of
the ester and the acetal-ester are isolated. To stop the reaction at the

.
ester stage, 1.5 equivalents of trimethylsilyl chloride and 18 equivalents
of methanol are reacted with the benzoylformic acid in tetrla,hydrofuran.
However, two equivalents of chlorotrimethylsilane are required for the
complete dehydration of one equivalent of water. If the silyl route is

the sole mechanistic pathway followed, then 1.5 equivalents of chloro-

" trimethylsilane would allow a maximum isolated yield of 75%. Since the

ester is isolated in 89% yield (Table 2.5), the protonic route must be

"

[

followed to some extent.
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group must play a role (Scheme 2.49). Proof for this postulation w%\l"l" be
( éiven below,
O HO+

: R/)L\OTMS - R/JL\OTMS

4

| o b,

v

. H ,
0 //L\\ TMSO_  +OR
+
’ R/)k\OH R OH R;><;OH

I

bl ’
TMSO_ _OR
R;><;OH
( -

§
\

0 on TMSO+ _OR’
S I N >
R OR' =™ «R OR’ R OH

Scheme 2.49

To allow a comparison of the efficacy of the chlorot‘:rimethylsilane
procedure with that of the classical catalysis by hydregen chloride and to
provide evidence for the proposed silicon mechanism, the esterification of
benzoic acid in methanol was followed by G.L.C.. In the former reaction
procedure, 2 equivalents of trimethylchlorosilane, 1 equivalent of benzoic

mf acid, and 95 equivalents of methanol are used. The latter reaction

A S ;
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procedure makes use of 2 equivalents of hydrogen chloride, 1 equivalent of
benzoic acid, 1 equivalent of anhydrous Mgso; (which can adsorb 7
equivalents of water), and 95 equivalents of methanol. In both cases, the
reactions are followed from time zero until 48 htos. A fairst-order plot
of log(concejna]-conCinis) versus time gives a straight line in both
cases. The pseudo first-order:.rate constants are calculated-to be
1.47 x 107> and 9.25 x 106 for chloro'trimethylsilane and. hydrogen
chloride reactions, respectively. The rate of the reaction with
chlorotrimethylsilane 1s thus approximately 35% faster than the classigal
catalysis by hydrogen chloride under the conditions described.

Further information supporting the proposed silicon mechanism also
arises from tl'}ls study. In the reaction cétalyzed by‘hydrogen chloride,
only methyl benzoate and <the solvent are detected™ by the G.L.C..

o 9

Howeve/;/{/m the reaction promoted by cnlorotrimethylsilane, a third peak

7

4
of longer retention time than either chlorotrimethylsilane or methyl
»

benzoate appears at a faster rate than does the methyl benzoate peak and

dlsappearsw:or}mpletely within 3 hours. It is reasonable to assume that
this corresponds to trimethylsilyl benzoate, the intermediate in the
reaction. | ° ‘

This postulation of t* formation of a silyl ester intermediate is
corroborated by the isolation of the trimethylsilyl ester of l2-hydroxy-
dodecanoic acid (\ui.de ingra ). In addition, although 14-N.M.R.

spectroscopy is not particularly revealing with respect to the mechanism,

ZQSi-N.M.R., using the INEPT pulse sequence (see Appendix 2} clearly

— e
* Cnlorotrimethylsilane eluted from the G.L.C. column with the same

retention time as the solvent.
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illustrates the pathway which the reaction follows. A mixture of benzoic

acid and chlorotrimethylsilane displays, in the 295 ~N.M.R. spectrum,

three peaks; one at 31.1 ppm (trimethylchlorosilane), one at 24.4 ppm

(trimethylsilyl benzoate) and a small peak at 7.1 ppm corresponding to

" hexamethyldisiloxane, indic%ting the presence of some water in the

e

reaction mixture (Figure 2.la). Upon the addition of methanol, the

benzoate peak collapses, the trimethylsilyl chloricie peak decreases in

intensity (Figure 2.lb) and there is a substantial increase in the

intensity of the peak observed at 7.1 ppm, the silicon end product,

e B = e

he'x“aﬁ?éthyldisi loxane (Scheme 2.50a). ¢

To'confirm the assigmments of these peaks, a similar experiment was

carried out with sodium behzoate. This clearly, if reacting at all with

chlorotrimethylsilane, will form the silyl ester (Scheme 2.50b). A very

large silyi ester peak (Figure 2.1lc) is again ob‘served to collapse upon

the addition of methanol (Figure 2.14). lg N.M.R analysis shows that the

reaction pr.gduct is methyl benzoate in both cases. This further supports
v !

the proppséd mechanistic scheme (Scheme 2.49).

OOH — COOTMS — COOCH,
( 5
C SCl CH,OH
[}
CO{JNa~ COOTMS — COOCH,
). 1}
Scheme 2.50
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2.9.4 Factors Affecting the Formation of Esters with -
}
g Chlorotrimethylsilane
kY
%,

The failure to form Z£-butyl esters in the presence of trimethyl-'

chlorosilane is easily explained. These esters are usually made with 440~
butylene, rather than t-butanol under acidic conditions206, (a,~1) -because

the steric bulk of the Z-butyl droup in £-butanol prohibits its attack

upon the carbonium ion (Ap~2). This problem would only be exacerbated by

the presence of ‘the trimethylsilyl group which would add considerably to

the steric bulk of both tie initial and transition states (Scheme 2.51).

In addition, and perhaps more importantly, the esterification reaction -

would be in competition with the facile elimination of water fram the ¢-

butanol and therefore, prohibit this reaction fram taking plaee

OSi (CH3)3 )
. HOC(CH,)5 |-1o><o:s.|(c:r-13)3 o
& R NoH = R OC(CH,), or

Scheme 2.51

In examples where the electron density on the alcoholj 1c oxygen is
lqwered (Table 2.10), polar effects become quite important and the
corresponding equilibrium lies further to the side of the carboxylic acic‘i.
The steric bulk of 2,2,2-trichloroethanol, for example, is comparable to
that of R-trimethylsilylethanol and yet after~ several experiments with
chlorotrimethylsilane un’cier different conditions, no indication of the

formation of an ester from the former alcohol is observed. Esters from

;.he latter alcghof form quite readily. It must be concluded, therefore,

in the case of electron poor alcohols such as 2,2, 2-tr1chloroethanol that

the equ111bnum in the presence of tnmethylchlorosuane is 1nsuff1c1ent
/ '
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to allow the fermation of detectable amounts of the ester,

[

" "Table 2.10:Equilibrium Constants for the Esterification of Acetic ncia=0?

R in CHyCO,R K(mol/L) ac®*
CH,CH3 ©3.38 1660
CHoCH,0CH; 1.42 , 2180
CH,CH,CL % 0.6 2840
N CHoCHoNY (CH3) 5 0.394 2940
CHyCFy . 0.013 4980

The activity of water is taken as unity.
. [

- 2.10. THE ACTIVATION OF CARBOXYLIC ACIDS J

Other transformations ta;ce place at a carboxyl group which are
‘ L ‘ technically esterifications, but in reality, howev;r,' are. achieving quite ‘
a different puPmose, Rather than protection, the carboxyl group is being «wW'
activated to nucleophilic attack. The predaminant use of this activation ‘

is to encourage either lactonization or the formation of an amide,

especially peptides. Lactonization in particular is a difficult synti'netic

challenge. As there exists a large group of interesting natural broduci:s ;

which have in common a macrocyclic lactone structure, there is a tangible
& . .
interest in finding facjle procedures for lactonization. Although the

formation of medium-large ring lactones from the corres%onding w ~hydroxy-
carboxylic acids is not favoured entropically, it is often the most direct

v
© route, and therefore, the synthesis of many interesting macrocyclic

compounds, such as methymycin208'209'21o, have as the ultimate step,

lactonization to form the macrolide.

v <

- It is possible to synthesize small ring lactones utilizing trin'\ethyl—

88



R e T e i 2

/ -

, silyl chloride, For example, chlo:otrfmethylsi}i\eme can be used to promote
the transforx,natioﬁ of y-hydroxybutyric acid (84) to y-butyrolactone
(85), although 'this conversion ig not particuli‘?rly challenging. Even
under vigourous conditions, however, w-hydroxy cids are not transformed
into the éorresponding macrolactones. For ekample, if l2-hydroxy-
dodecanoic acic:l is‘ refluxed Qith 15 equivalents of trimethylchYorosilane
in anhydrous tetrahydrofuran, the only isolaited products are the

\ca*zboxylic acid and the trimethylsilyl 12-hydroxydodecancate (86).

) Therefore, ' ather pr@ura to activate the carboxyl group to nucleophilic
attack must be deployed.

The—

Both lactones and amides, can be successfully made fram thicesters”.

1 5‘
These compounds are much more reactive to nucleophiles than the
corresponding oxygen esterszll, and therefore, have great synthetic

171

utility, The following passage, written by Ha\slem , accurately depicts

the establishment and importance of this area of organic chemistry.
N

" Bach era i:{, the history of organic chemistry has been

marked by develépments which because of their originality and
timeliness have had a substantial influence on subseguent
research. One such masterpiece in recent times was the cgbyric
acid synthesis of Woodward and Eschermoser?12, One facet of the
work of some considerable interest is the gex';eration of the
carboxyl group at position "f" in the corrin nucleus. The

procedure adopted by Woodward and Eschenmoser utilises at an.
. -

-

* Thioesteré, in the contéxt of this thesis refer to thiol or thiolo

4

)

esters, that is, esters of the form; j\
R N\sR'

89
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early stage a phenyl thioester and exploits iFs enhanced
reactivity towards anm;nia‘when compared to -oxygen est"érs,
(Scheme 2.52). This work has heralded a period of unparalleled
activity in which the synthetic potentialities of the thiol
ester' group have excited considerable interest. The use of,
thiol esters to selectiwvely activate a ‘carboxyl group towards
esterification or lactonization has engendered numerous
investigations and work in this area has gained particular

prominence. One outcome of these developments ‘has been the

renewed attention directed generally towards thiol ester

\

synthesis," ’ ’%
, ) — 7 03 1 NH:, E '
B | (CH,80,):0
py
Dot Doz
o] 0 CN
H.N conc
HO 2 H,SO,
\ Scheme 2.52

-

In light of the significance of thioesters in lactone fo:mation,' it was of

‘ ‘interest to discover if trimethylchlorosilane could promote these

3 %

[}

reactions.

Thioesters may be synthesized by the exchange of a mercaptan with
carboxylic esters or other carboxylic acid deri'vatives under equilibra‘ting
conditionsl’l, However, they are not generally formed directly from

carmxyliC/add5213. The equilibrium usually lies far enough to the left

4 et
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as to leave the desired product inaccessible, even under vigourous-

conditions. The same result is observed using trimethylchlorosilane. The

',{x;eaction of benzoic acid with thiophenol or Penzylmercaptan in the
presence of triinethylchlorosilane does not pr;ceed, and yields only
recovered starting materials. As was discovered in the case of acetal-
ization, aromatic compounds are considerably less reactive than aliphatic
compourds. Therefore, the reaction with sebacic acid (1,ld-decanedioic
acid) was expected to be more facile. Unfortunately, under the sax;Ie
conditions, none of the desired thiocester is recovered. 1

Qne interesting example which indicatés thioeste{s may be formed,

\
even though they do not appear amenable.to isolation, is the reaction of

lz—rgéydroxydodecanoic acid with thio}phenol in the presence of

chlorotrimethylsilane. A remarkéble observation is that the !H-N.M.R. and ‘

infra-red spectra of each of the compounds isolated after purification are
identical. These compounds have been subsequently identified to be the

macro_lide (8_'7), diolide (88), and higher oligolides, which ar‘é the result

of the lactonization of the starting'material. Unfortunately, when the

reaction is repeated under conditions of very high dilution, the macrolide
itself can not be solely formed. In fact, under high dilution only the
starting materials are isolated. To verify the identit/y of these
compounds, the authentic 13 membéred macrolide (87) was prepared both by a
‘slight modification of the procedure of Stoll and Rouve?ls using p-
toluenesulfonic acid in toluene and by the m-chloroperbenzoic acid
oxidation of cyclododecanone215.

Al though no. mechanisti¢ study was performed, it is anticipated that

the reaction sequence is that shown below (Scheme 2.53).

“
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87

Scheame 2.53

o

Under conditions of high concentration, traces of the thioester are formed

and subsequently trapped in an intra- or inter-molecular fashion to give
the macrolide or dodecancate esters, which can subsequently lactonize. At
lower concentrations, no lactones or esters are observed, indicating that

any thioester formed reverted to the carboxylic acid or silyl ester before

«
v

it could be trapped by an hydroxyl group. Thioesters (vide supng) are not
easily formed from carboxylic acids and a mercaptan. The experimental
results suggest, therefore, that silyl esters may be more reactive, albeit

marginally, than the corresponding carboxylic acids. That is, in the

presence of chlorotrimethylsilane, the thicester and subsequently thf-_*
macrolide can be formed under conditions Of high concentration.

If traces of the thiocester were formed under these conditions, it
was hoped that they could be trapped by less reactive alcohols in a manner

similar to macrolide formation. Howeyer,' in 2,22-trichloroethanol, for

example, none of the desired 2,2,2-trichloroethyl phenylacetate can be

detected upon the reaction of phenylacetic acid with thiophenol and

~

92

e WA A b & wimiet e ok Wm M mma Dmee Ademam v meaa et e m Aty e AL At ot ot



Y

€8T S SRR A NI s ¢ e 2 e T s TP M e p— o T mn&«g‘mmﬂ%

Y
o

S

chlorotrimethylsilane. A variety of other carboxylic acids were similatly

unreactive to ester formation. Either the more labile thicester never
forms, the equilibrium lies very far to the side of the carboxylic acid,
or the nucleophilicity of these alcohols is so' low as to preclude
transesterification under these conditions. This méthod, therefore, does

not appear to provide a useful synthetic route to less stable esters.

2.11 ESTERIFICATION PROMOTED BY SILICON TETRACHLORIDE
"wWong has utilized tetrachlorosilane in the synthesis of amides from
amines and carboxylic ac1ds216, 1t was determined that silicon

tetrachlorlde is actmg@as a coupling reagent by formmg bonds with both

¥

species. The intermediate then<undergoes elimination to form tne amide .

and one-half equivalent of "dichlorosilicon oxide", which is recycled, and

subsequently forms SiO, (Scheme 2.54)..

-

) ' O

R)J\OH + CI,8iX, = R/lkomsax, + HCI
} . B . : -~ '

R'NH, |
R/lKNHR' + 0SiXx, = R o——/sax, + HCI
* R'NH
) x ||/20' ~
Scheme 2.54 ]

<
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prev ioi:sly‘”iattemptea. Since silicon tetrachloride -is generaily more
reactive than Z:hlorqtzimethflsilene, it was p:;edictegl that the reaction

would be’ mor&facile; "In one example ’p‘henylacetic acid is rapid; y

converted, to its ethyl ester (56) by the use of thls reagent. ﬁowev .
P
. the: .corresponding 51licon product 1sknota the' expectéd gilica, but zather,

°

tetr thoxysilane (Scheme 255). The reactlbn may, therefore, be’

followmg a dszerent pathway than the am1de formation descnbed above.

. In the hope of capltallzmg on the reacti v1ty of this reageﬁt‘ the’
s;nthesr:s of the thlobenzyl ester of phenylacetlc acid has been attanpted
Unfortmately, none of the ester is obtalned f::om benzyl tl'u.ol (Scheme
it must be Qconcluded that ‘ghe 9 !

2.55) . " Under, the conditions. used,

a v v N o o o @
reactivity of this reagent towards the promotion of esterification is not -

'R

significantly greater than chlorotrimethylsilane: S ,’J S )
, ¢ e B o \ . . - ’

o v

RCO,Et

. d . o
.

EtOH | e

+ Si(OEt),.

Scheme 2.55 ' : “

2.12 PHOSPHOROUS ESTERS
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Esterification is not, of co"urse, a procedure limited to the reacpion
of carboxylic acids and a}lcohol‘s. Other hydroxyl groups, such as those in
phosphorous aric:’f phosphonic ac{i& compounds, also require protection as
"esters". In 'consideratien Q&J_%e dramatic advances in the synthesis of
nucleotides, for example, (the r:'ecent total synthesis of transfer-RNAzu,
techniques for the protection and deprotection of phosphorous: tQund
hydroxyl groups are of fundamental interest. Phosphorous bound metl‘}k'
esters have not, as yet, b\een exploited to their fuilest capacity,
However, this protecting group appears to offer real potent“igﬁ. in the
future as a result of its ease. of formation, stability to the conditions
employed for nucleotide synthesis and ease of r§1nova1218'219'220. The

small size of the group can also be used to good advantage in both

, synthetic and biological test:':ng procedures7-21.

It was of interest to discover if trimethylchlorosilane could promote

the formation of methyl phésphorous esters. Unfortunatél y: both phenyl-
o O
phosphonic acid and diphenyl phosphate prove to be completely resistant to

methyl ester formation using methanol and chlorotrimethylsilane., In

[}

either case, only the starting materials are recovered.. When diethyl

o y n

phosphate is reacted under similar conditions, a complex mixture of

o

products 1is isolated.

2.13 CONCLUSION'
al’: [y
Chlorotrimethylsilane is a particularfy suitable reagent for the

fo,rmation‘ of esters and acetals. While literally dozens of methods are

¥

“known to effect acetal formation, few offer the advantages of “hQw cost,

simp¥e work-up, and mild reaction conditions which the reaction with
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trimethylchlorosilane exhibits. Of particular interest is the select:ivity

that the acetalization with chlorotrimethylsilane displays;

chemoselectivity for methyl-acetals from activated carbonyl groups and

regioselectivity for kinetic products at low temperature, or thermodynamic

’

produ at elevated temperatures, in the synthesis of cyclic acetals from

1
ith the formation of estérs, there are some limitations.’

~

butanetriol.

Electron poor alcdhols and bulky alcohols are unreactive, as are

phosphonic and Phosphori&e acids. The es?erification procedure with
chlorotrimethylsilane, however, also offers the advantages over
traditional methoedology of a simple reaction work-up and an inexpensive
reagent. In addition, "the reaction proceegds at a; Irapid rate, ard allows
the formation of the majority of synthetically usefg‘l esters viz. the
methyl, ethyl, benzyl,®&nd 2-trimethylsilylethyl esters. Moreover, the
reaction condit'ions are quite mild. For inst:ar\ace, N-carbobenzoxyglycine
reportedly reacté to form the allyl and crotyl esters in good yield
without cleavage of the protecﬂng group332. Perhaps the most impressive
example of the utility of this method is the synthesis of methyl 6-

aminopenicillanoate. This compound can be made in five minutes and in

good yield without scission of the B-lactam bond.

}(./
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3. _’I‘I-_IE'_ REACTION OF A b.is -SILYL ENOL ETHER WITH 1,2-DIELECTROPHILES

3.1 CARBON-CARBON BOND-FORMING REACTIONS  /

3.1.1 The Aldol Reaction ‘ 2

The aldol reaction, along with the related variant using a Schiff
base (Scheme 3.1), is among fhe oldest classes of reactions in organic
chemistry. It is well recognized as the most obvious mean; for bond
creation leading to 1,3-0,0 and 1,3-N,0 heteroatom-heteroatom relation-

ships in organic molecules.

Y)K/R + R'CHO — Y R’
é.

~ , o NHR
RCH=NR" —— Y/‘\[/kR'
o R

Scheme 3.1

In addition, the aldol process constitutes one of the fundamental routes
for carbon-carbon biosynthetic bond formation. As a result, much interest

has evolved in optimizing the aldol reaction for use in synthetic organic

2
-

procedures, especially in "biomimetic" syntheses. As an illustration, a

retrobiosynthetic analysis of the efythronilide—é seco acid (Scheme 3.2)
inéicates how extensively the aldol process could be followed in the

N
assembly of this molecule?4l, 4 h )

v
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There are many problems which arise in the utilization of the aldol
reaction, although satisfactory solutions have been found for many of

them. The more prominent difficulties are: (i) cross-coupling if two

« aldehydes are to be reacted tdgether; that is, the reaction of A and B

.
under aldol conditions generally results in the formation of all four
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possible products, AA, AB, BA and BB (Scheme 3.35 (this problem does not

arise if one of the components is a ketone), (ii) polymerization by a

- multiple aldol process, (iii) regioselectivity; when the enolate of a

ketone is used, regioselection between the thermodynamic and kinetic
enoléte must be encouraged (this can usually be controlled by careful
temperature reg,%}ﬁtion), and the mosﬁ challenging problems, (iv) dia-
stereoselection; assuming isolation of a single regioisamer is possible,
it is then necessary to be able to select a single diastereamer from the
two that can be formed (A(Y) versus B(%) Schgn{i\f) and (v) enantio-
selection; the ability to control the absolute stereochemistry of a given

diastereomer (A(+) versuws A(-) and B(+) ' versus B(-) Scheme 3.4).

W CHO AB
) " HO w
- \
Y CHO BA
- " HO W
| HO |
' . HO

Scheme 3.3
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The latter problem has been the focus of intensive research and has- been

|

recently reviewed?40,

% L
3.1.2 a-Alkylation

t Another fundamental organic reaction for the formation of carbon-
L]

carbon bonds is the a-alkylation of carbonyl groups. In the case of

these related "aldol-like" alkylation reactions (Scheme 3.5)%, problems

. also arise. The most important of these are: (i) the possibility of

multiple alkylation occurring (Scheme 3.6)241, (ii) the limited range of
electrophilic components which can be used; these being limited, in
general, to primary and some secondary alkyl halides or alkyl pseudo- .
halides, (iii) the occurrence of O-alkylation in place of C-alkylation,
(iv) the possibility of competing aldel reactions, and (v)l the non-
regiospecific alléylation of‘an enolate242,
For the purposes of tt;is thesis, the /a-alkylation of carbonyl groups ' J
‘ will be considered to be a special case of the aldol reaction. ‘ 5
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" Scheme 3.6
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A§ a result of all of these complications, the simg.le‘st procedure for

alkylations of this type, treating the mixture of the carbonyl group and

the group to be alkylated with a strong base, is rarely useful. The

Q ¢ traditional solution is the use of B -dicarbonyl compounds (Scheme 3.7)
which are less likely to give polyalkylation and specifically alk;late at

the position b;etween the two carbonyl group3243. A relcent;modiification

which ;lso el iminates these problems entails the use of the dianion of g-

keto esters?44, In/this case, the alkylation takes place specifically at

¢ »

the terminal anion (Scheme 3.8).

-~
. ‘ O . O |
/K)J\ . X )\HJ\
* Scheme 3.7
o X ‘
/U\/cogcua ¢ °
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Several other approaches to solving these problems have been sought.”
Stork, having found enamines a useful but limited alternative to enolates,
discovered that lithium enolates behave in a more .predictaple and less
reactive fashion than the corresponding sodium or potassium enolates. For’
example, the particularly hindered ér;blate 91 (Scheme 3.9) is mef:i:ylated

“to give mainly the more substituted product245, V

. \ (o) . o~ Li* ‘
Li :
mmmevam—
NH, -

CH, I
jssRess
H H
62% . 23% \

‘Scheme 3.9:

Other less electropositive metals, like magncesiumz"6 and zinc247, have
also been used as enolate counf.erions. They give excellent results when
used for contzoiled aldol reactions, as in the Reformatsky reaction, }?ut
usually are insufficiently reactive to allow simple alkylations to take

place.

Y g

)

3.2 THE DEVELOPMENT OF ENOL SILYL ETHERS
z 7

Although lithium appeared to be the most useful enolate counterion, a
i} :

N
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akhi e




o iy et e - . o~ - ot "
T IR e g e plt TR TG tw gt ay e e 1wl ey s o ST g s pmns it 4 by e e S g e o wm 5, b ATEe 0, TS 2 VESTRIT

facile procedure for its introduction under non-equilibrating conditions
remained elusive. It was Stork who found an appropriate means for the

generétion of lithium enolates from enol silyl ethers (Scheme

3.10) 27,28,248

o~ : OTMS

Scheme 3.10

In a historical context, compounds of the type 92 have been known since
1958249, In the last decade there has been an explosive development in
the uti'lization of enol silyl ethers ir; organic synthetic ;gansformations.
Indeeé, it is clear that these have been employed more often then any

other organosilicon species in recent yearsz"’a, with the exception,

' perhaps, of silicon-based protecting groups. Three phases in the

development of silyl encl ether chemistry have been noted?30, These are:
(i) the capture of enolates by silylation, isolation of the silyl enol
ethers thus formed, and regeneration of the enolates to react with

electrophiles under basic conditions, {ii) the reaction of silyl enol

ethers directly with electrophiles under neutral or acidic (Lewis acid-’

catalyzed) conditions, ;and (1ii) the use of enol silyl ethers to give
products different from those obtained via the "enolate" or "enol" phases
above, It is also appropriate to mention silyl ketene acetals at this:
juncture (silylated ester enolates 93). Their modes of reactiv?j:y are

{

very similar to those of enol silyl ethers, making them useful synthetiqf
{
- |
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alternatives to ester enolates;

‘ R OTMS

A ”

OR
93 :

R

‘The use of silyl enol ethers for the formation of cycl‘ic systems will
be described shortly. 1In order to facilitate an understanding of the
reactivity of these compounds, an outline will be given of the relevant
reactions which thgy undergo. These will be divided into two ;ections;
the reactions of silyl enol ethersnunder basic conditions (as enolates),
and tnose under neutral and.acidic conditions”. \

F

3.3 GENERATION OF REGIOSPECIFIC ENOLATES FOR o -ALKYLATION

Traditional methods of regiospécific lithiun enolate. formation make’

use of the reaction of enol acetates with methyl lithium (Scheme 3.11) 254

. Unsatisfactory results are often observed due to the presence of the

o [

lithiun t-butoxide formed in the reaction.

CH,0CO - oLi "

>;::<1 + 2CH,Li : >E==4L' + LiotBu
———i

™SO, .ok

>_—_—_< + . CHoLi , >.::< + (CHY,S

Scheme 3.11 : -

The syntheses of silyl enol ethers will not be discussed as they have

been reviewed glsewﬁere251'252'253.
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This contrasts with the case of enol silyl ethers with which the innocuous
tetramethylsilane is produced (Schemé 3.11) 27,28,255 Under, the
conditions used, tetramethylsilane does not exchange its hydrogen atams,
and moreover, can be used as an internal standard for 1g-N.M.R. spectro-
scopic charac;te:ization of the reaction. These enolates can be reacted
with primary, and some secondary alkyl halides and activated halogen

compoundszse. They will also undergo Michael-type alkylations with

appropriately substituted vinyl ketones (Table 3.1) 257,258,

Table 3.1: Alkylations of Directed Lithium Enolates

Silyl Enol Ether  Alkylating Agent Product Yield(s)256
OTMS o
o o
AN ] '
~ CHyl , 56 .
a@ - h . . s
0 ' ° o
82 :

OTMS > h | | l-—-r—’
§ i
4 Br

e

3 b

‘Lithium enolates ‘are particularly useful when thé carbonyl group is

to be alkylated at the more substituted .« -position '(thermédyhamic
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enolate). When it is the less substituted o -position which is to be

alkylated (kinetic enolate), the quaternary ammonium counterion gives
better results259, Quaternary ammonium enolates are not easily accessible

from enol acetates. However, because of the strong Si-F bond and the _

—

ready availability of quaternary ammonium fluoride salts, such as p ~BugFr
these reactive intermediates are easily obtainable from silyl enol ethers
(Scheme 3.12 and 3.13) 289,

[

TMSO,

-
v W‘\Rs) F
rn

-

e (RNR3)*O™ Q \

”

'

R=CH, R'=CH,
Scheme 3.12

OTMS OTMS

5 10%mot

n-Bu NF
OTMS P 4 o QTMS

Scheme 3.13

]
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This latter reaction also shows high stereoselectivity; in_one example,

‘ only the product derived fram axial agtack of the cyclic sgilyl enol e”thgr
) " is observed (Scheme 3.14)262,263,264 - .,
N L] ‘ 5’ U
’ OTMS
+ PhCHO §3107% mol ct
n-BuyNF °

SChane 3-14 4 " &

o

3.4 ALKYLATION OF SILYL ENOL ETHERS UNDER NEUTRAL OR ACIDIC CONDITIONS

3.4.1 Non-Carbon Electrophiles ) . \‘i o

4
C | ! —
The reaction of elemental halogens with enol silyl ethers leads to

b

o

o ~haloketones, or under very mild conditions, o -halo silyl enol ethers

with high (2)-stereoselectivity (Scheme 3.15) 265. :

, , R
R — R Bl’2 R i ! J
o Br ’ e
- 60
TMSO gy OTMS
NEts ,
25°
¥ @ ¢
R, R i
_ >:_—.< ., o
R . °
Br OTMS R
[ &
( | 94 . Scheme 315 B o
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, generate: & —phenyltmoketones (Scheme 3 18) 268

[

Campounds of type 94, for exanple, are versatile synthetlc mtermediates.

'They ‘can be alkylated with carbanions - (Schane 3.16), or i ::ertam cases, .

the anion formed from lithium-halogen exchange ‘can be alkylated with
aldehydés or ketones (Scheme 3.17) 266,

- R, R R"MgX SRR e
‘ —_— X : - + e — e
B OTms ikeSh g otMs .
,rw;.’g" AT ) - : L‘zz ((ph)zF(CHz)sp(ph)z) ¢ 'v
N ) o q ¢ .. ) D
g— [
Scheme 3.16 4
Br  OTMS .
r Q —0 \ . 4
* g . ' ' ‘ K ’ b ’ ( i
t-Buli | . . . A L

Li  OTMS IR 4 R OTMS .

5

Scheme 3.17

s
9

Halogenation of ‘enol silyl ethers is also ‘possible ﬁnsing' the N-chloro or

N-bramosuccinimides?33, ) . B

e <«

Enol si .Lyl ethers react readily with phenylsulie’nyl chlonde to

,

v
o & Y

- : s

F ! -
. ¥ .
4
- .
: 1
B - a:
5 B .
- . B .
. . .
3
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Scheme 3.18

3.4.2 Acyl Halides and Anhydrides

[

In the absence\of any catalyst, some acyl halides are sufficiently
reactive to allow the acylation of silyl enol ethers (Schemes

3 19269'270'271'272) Enol silyl esters. also undergo acylat:.on without

" the need of a catalyst (Scheme 3.20)273, S : - R
R R e’ 2y
T\ — Z,cYcoc! R‘JS___\( ?
oTMs  (ZCYCOR0 ¥ - R/ 0
. Cg < )
ZQY=CI%'CI2H,F3 ' '
COCI R—O, - g
| ~=0
cocl R’
o)
Scheme 3.19 '
* ‘ -
OSiEt, CH.GOCI CO,CH,
_ OCH, Et,Si0
Scheme 3.20 "
T @ “
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Other silyl enol ethers, however, require a Lewis acid catalyst. The most
popular Lewis acids employed for acylation and other alkylations which
will subsequently be described, are titanium tetrachloride (TiCl,) and the_

zinc dihalides. These catalysts usually determire whether o-a{cylation?-“
. e

or c—acylation275 (Scheme 3.21) takes place. ,

i

OSiEt;  CHLCOCI

: HgCl, :

OCOCH,
o O
OTMS CH,COC! MH
—<R Ticl, ’ g
Scheme 3.21

¥

3.4.3 A;L‘kyl Halides

Enol silyl ethers are alkylated }:y tertiary, benzylic and allylic
halides or acetates, thos? compounds which are Tsusceptible to syl
reactions. Lewis acid catalysis is necessary in these alkylations (Sc%hane
3.22) 276, . It is interesting to note that enolates, on the other hand, are
alkylated by primary, and in some cases, secondary alkyl halides, that is,
those compounds susceptible to Sy2 reactions. The two met‘hods, base
catalyzed enolate a-alkylation and Lewis acid catalyzed silyl enol ether:

a —alkylation, are thus complementary. '
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OTMS

CO,CH;

. . Scheme 3.22

3.4.4 Ketones, Aldehydes, Ketals, Acetals and Orthoesters
3

Ketones and aldehydes readily alkylate silyl enol ethers and bis~

R ~
°

ketene acetals 'in the presence of a Lewis acid catalyst. They display few

‘of the problems which plagué the aldol condensation; dlmeriz_ation,

polymerization, and dehydration. The Lewis acid, titanium tetrachloride
for ‘example, provides sufficient activaﬁ{ion of the electrophile to
catalyze the reg‘iospecific and chemospecific condensation of carbonyl
) :

groups with a range of silyl enola ethers?’7, Thejundesirable dissocia;tion

of the aldol product is prevented i:y formation of the titanium chelate 95

(Scheme 3.23)278, "~
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':j[: Bl o |
b . ‘ © 95
R R Q P4 R® =
d e R
R R
H,O
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‘ \3 RC RC

Scheme 3.28
‘l

3

The titanium tetrachloride is used in stoichiometric amounts and the aldol
(' t

product is obtained cleanly and in high yield3°'279. Moreover, the

reaction displays considerable diastereoselectivity presumably because the

transition state is cyclical 95, (Sc}\ane 3.24; only one diastereomer 96

was isolated) 280.

)

' ™S CH,CHO |
\ . -
o~ OTMS - 1ic,
Scheme 3.24
\_F 1

The overall order of reactivity of the e]:ectrophiles“towa}:ds énol

LS
silyl ethers is; aldehydes (~-78°C) > ketones (0°C) >> esters, where the
nurbers in parentheses refer to the thermal .reaction conditions normally

used<78, Silyl ketene acetals undergo the reaction in the same manner

(Scheme 3.25) 281,

[}
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OTMS | o OTMS
+
OTMS
OH
OSIEt,
OCH,CH; - . CO,CH,CH,

Schene’ 3:25

\

The remarkable difference between the silyl enol ether alkylation and

the aldol condensation lies in the classes of electrophiles which can be

-

wtilized. The aldol reaction is essentially limited to ketones and

aldehydes. However, as well as,léstones and aldehydes, acetals, ketals,
orthoesters, dithioketals and acetals, ©-halophenylsulfides and chloro-

methylmethyl ethers, are sufficiently reactive to alkylate silyl enol

-~

ethers (Table 3.2). '
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Table 3.2: Examples of Electrophiles Which-Alkylate Enol Silyl Ethers

Enol Silyl Electrophile Lewis Acid ‘ Yi€ld(%) Ref.
Ether ) -
Et ‘ | AN
. SEt SnCl,
: _ O OH |
OTMS - .
) . & ()CI‘-{3 67 284
CH,CI Zn-Cu ‘
OTMS  Cey, (CH,),CHI
By OTMS ,
Usy -~ e \
\( : CH30>/OCH;;' vl
l‘ P 1
- . ph TIOTMS "o ®
, o .
R 95% -erythro e
OCH, ~
Hy,
- _ 82 286

This broad range of electrophiles allows a wide choice in the preparation

LN

of an overall synthetic scheme.

?1‘
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3.5 SILYL DIENOL ETHERS (SILOXYBUTAB&ES) AND b.is -SILYL ENOL ETHERS

3.5.1 Siloxvbutadienes

With 2-siloxybutadienes, for example 97, alkylation is observed only
at the Cl-position (Scheme 3.26) 278,288, Essentially, these compounds

react in the same manner as non-conjugated silyl enol ethers.

TMSO 1 PhSCH.CI: o
/\/l\ 2 (0) . /\/lv
TMS” NN —— ~  TMS~ ™S
A o7 3 A
. - Scheme 3.26
N

On the other ‘hand, l-siloxybutadienes, such as 98, have the opportunity to
be alkylated at either the o- or Y-positions. Mukaiyama has shown that
compounds such as 98 react with electrophiles preferentially at;_ the y-
position289'29°'291. Dienclate anions such as 99, however, react with
el\ectrophi les at the o -position under kinetically controlled
‘ccmditionszgz. There‘fore', the use of silyl dier;oi ethers presents a

simple solution to the long standing problem of achieving y-alkylation.
\

, OSiR3 R
/ﬁ\)\ o “ /\)\m‘
Z N7 "\R { YN N \
- T ~'cL gg . 29. a . '

L

focus of extg_»nsi‘ve study by Flaningz43'2 2,293,234 1t js clear that both

the o - or y -position remains uncertain, Electrophiles have been
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observed to display the following characteristics: (i) halogens and
pseudohalogeﬁs react almost exclusively at the y -position, (ii) the more
stable the carbonium ion (formally) derived from treatment of a carbon

electrophile with the Lewis acid, the less gy —alkylation is observedzgs,

and (iii) "positive oxygen" elecfrophi les, such as m-chloroperbenzoic
acid, add exclusively at the a-position294. The type of butadiene also
affects the regioselectivity. For example‘, with aldehyde and ketone
derived compounds, such as 38 (R=H, alkyl not C’5H5) y ‘reactions normal ly
take place at the Y-position. Ester derived campounds such as 98 (R=0-
alkyl), on the other hand, show comsiderable variation in reactivity; vy-

selectivity can be enhanced by electron donating B-substituents or by

increasing the size of the ester alkyl group. Changing the silyl group

has the most profound effect of all; increasing electron withdrawal
encourages Y-alkylation. Same representative results of the extent of Y-

alkylation under a variety of conditions are ;given in Table 3.3292,

3.5.2 1,3-b4is -Trimethylsiloxybutadienes

~

1,3-bis -Trimethylsiloxybutadienes react analogously to l-siloxy-
butadienes.’ Following monoalkylation, however, the remaining enol silyl >
ether may also react to form dialkylated products. One of the most
studied compouhds of this type is 1,3-p4is-tYimethylsiloxy-l-methoxy=~1,3
butadiene, 100. The Y-position is the more easily alkylated, although
dialkylation occurs readily. Some simple reactions of t?his canpound are

shown in Scheme 3,27297,
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Table 3.3: Reﬂoselectivity‘ivg the Reaction of l-(trimethylsiloky)-

butadienes with Electrophiles, Expressed as the Proportion

(%) of =Adduct Obtained?’?
’ 1

3 R :
s e R - R=Ph R= OCH3 R= OCH("CJH7)2
s | otMs R=H R=CH;  R=CH, '
i . Electropl\'sile
. \ .
PhSCC:)I \ 100 100 100
NBr
100
"~ PhSCH,CI 45 65 85
PhSiH(CHg)zCH:; a 66 84 T 100
{ \
i
PhCHO b 100
. HC(OCH,), 1002 100° -

CH,CH(OE1), a 60 . 100
. 'Buc) b o
CH,COCI ur 9 \ 100 °
PhCHCH, 2 wr @ . 78
| 3 L
Bl" o
Lewis acid
a ZnBr2
b TiCl, |
c catalytic amount of ZnBr, ‘ -

reaction fails.
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. 0 .
PhCHO ITiCl. (‘\/COzCHa

i : ) Br, .
%f OH )OK ( }' Br
\= N o
TiCls  TMSO OTMS 28Br,
; s e
‘; O o 4 H3 COzCHg
' 100
; , - r  Br
? o O ' lf‘CC'
. MOCH:, 0O ’
; - = CO2CH,

1ol Scheme 3.27

@

-

o

It is interesting to compare the reactivity of the dianion 101, formed

T

under basic conditions, with the b{s-silyl enol ether 100. The dianion

acts as a hard nucleophile and attacks o , B-unsaturated carbonyl systems

B ik

in a l,2-fashion298. The p{s-silyl enol ether, on the other hand, acts as

a soft nucleophile and adds conjugatively to a, B-unsaturated substrates

under niild conditions (Scheme 3.28) 297,

p—
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: TMSQ OTMS.
" N
N NOCH,

T™MSO - OTMS . .~ - ,
Z N7 NocH; | |
, iCl, .
“ '/
OEt oH . :
® qr ” C0O,CHy .
. COxEt
Scheme 3.28
.

3.6 RING FORMATION

. -~ ? v
,36.1 The Synthesis of Six-Membered Rings

The formation of cyclic compourds is a challenge of some eopsequence
to the syrithetic' organic chemist. Many of the nat_ural’prodizcts of
interest as synthetic targets contain at least ‘One' rieg system and many
are polycyclic in na'ture. Methods for ring formation, therefore, have
beer} intensive/),,s} sought for some time. During the era when steroids
presented many of the most diffichlt synthetic chaJ:lenges, it was the
" construction of 6-membered rings which were the focal po:.nt of much’
research. One reaction which has been extensively used is the Robinson.

annelation (Scheme 3.29) 299 " The reglochemlstry of thls reaction 1s

essentially controlled by the dlrectlon “of polariza'tlon within each
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{ a
A =

fri?ment, represented schanaticaliy, in Scheme 3.30.
l’

base
o)

b ey
Scheme 3.29
o+ ‘
o= -
[ / A 5
+ oy
v
O
3 +
5~ )
Scheme” 3.30

While this and other traditional ring-forming reactions are very
useful, synthetic targets exist for which they can not be suitably

employed. Recently, a new approach to ring formation was described300,

The reaction involves the condensation of two 3-~carbon units; one with two

s

nucleophilic sites and the other with two electrophilic sites. The regio-
chemistry of this reaction is controlled by the differential reactivities

at these si tes (Scheme 3.31).

st o=/% -

- -——-——-——0 W

Scheme 3.31

5+ 0~
' \

One /dinucleophilic fragment whi¢h can be used is the pis-silyl enol

«

ether 100. As has been described (v.ide supra), thisacompound shows

greater reactivity at the 7Y-position than at thea-position, so that

§ . 120
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either monoalkylation ( Y-position) or dialkylation ( @~ and vy -position)
can be selected. Usin’go a variety of B—dicarbon;l equivalents, with
titanium tetrachloride cataalysisg, a general route to methy} salicy;ates is
available. The regioselectivity is ::oiui:roned“ by a propitious choice of
carbonyl equivalents (the dielectroph?;l'ic fragment), which is governed by
the order of reactivity for the electx;oghi%icé components under ~titanium
tetrachloride catalysis; conjugate (Y-O)g position of an encne > ketone >
monothioacetal, acetaléoo'wl. In aconsideration of these relative
reactivities, reactions 'can pe designed to give produactsjwith completely

o

predictable regiochemistry (Schemeis 3.32 and 3.33).

o

O )
OCH, TiCls é
] —g
OCH,
v
. TMS OTMS *°
~ N SocH,
o \ OH
/\ OTMS , " e CH302C
.
Scheme 3.32 ’ ,
g‘ 4
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" The use of 100, a masked.form of methyl acetoacetate, is of

TERBRGE ™ LY &
.

%

particular interest because the acetoacetate unit is one of the

{ ' fundamental building blocks in the biogenesis of natural products. Two "3
» examples of very short regioselective syntheses of natural products are
given, in schemes 3.34303 ang 3.35301, .

e ey o PRSI RT ~
bl -

+ « TMSO OT™MS . U,
2 % "HC(OCH,)
. : , 13)3
; . / /\OC:H:: - .
, . , p
@ o 3
b . ho s
‘ ¥ . o~ !
- % L% : - g ,~/ [
b OH o i LDA/CHgsl |
‘% . ¢ : 2' Na'o § ” ?
5 ° L '
; Al v O " J
. ) . 3HY L.
0 / .
f - 2 0 ;
: Sclerin o :
N Schéme 3.34.. i -
; e » :
P , 4 ) S
. ‘ Fi «
, " 5o . ,' s . * '122
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. ‘ TMSO  OTMS / N\
- € o
" A Ticl,
OH
L CO,CH;
.
- - HO R
a4
© - R=(CH,);CH,CH
1 , '
) A -Tetrahydrocanngbinol

{
- / “~Schame 3.35

- ﬁ:j@_‘

These examples serve to show the utility of this reaction scheme in the
ki

synthesis of complex aromatic systems not easily obtained by other routes.
To some extent, the cyclization reaction to fomm 6-membered arcmatic

' rings proceeds successfully because of their intrinsically stable nature.

_// ) Whether the use of this reébgion could be extended to the synt‘h_esis ‘of
. 'less stable raings of otherf‘sizesz however, ranainad to be determined. The -

k2t = construction of S-membered L;::'mgs has provideé at least a.':: great or perhaps

‘ ~« - ' a greater challenge to the' synthetic organic chemists than the 6-membered

r'ing.' The S5-membered ring systahs, cyclopen{:ane, cyclopentene, and cyclo-
pentanone, for example, are observed in a myriad of natural proc;ucts which ’
have been chosen as synthetic ta;:gets; such as the acoranes £3°4, ‘
isocut;ene &305 and the prostaglandins (PGF o) ;9_1306. It is the latter
.. ( o gri:up of compounds which has captfured the i.maginatioh of synthetic organic

NI, TR RV S —— e e




chemists over the last decade,

¥

o)
N s . F ‘
| & : $ ~__CH,),COOH
1
+ A~ (CH,),CH,CH,
= . HO H
OH
102 103 104 ‘

An account of the attempts to make 5-membered ring systems of this type,\

using.the cyclization strategy described above, will be the focus of the

?

.remainder of this chapter.

‘ 3.6.2 The Synthesis of Five Membered Rings

(28N
The six membered ring cyclization utilizes a 3-carbon + 3-carbon

condensation. ~ The corresponding cyclopentenone system would thus

theoretzcally involve a 3-carbon + 2-carbon system (Scheme 3.36).

;’“*3—/3\/«"" & — "
5..

o= o=
. Scheme 3.3 : Y

6% 6+

¥

Fram an retrosynthetic analysis, the 'synth¥sis of a 2-carbon dielectro- /

phile, a masked 1,2-dicarbonyl unit, appears to be simpler than that of a
l,2-dinucleophilic unit, Therefore, the reaction chosen to be ipitially

studied involved 100, a compound whose reactivity is‘ well known, with a

senes of 1,2-dicarbonyl units (Scheme 3.37). The purpose of the study

.
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was to examine the relative reactivities of various dicarbonyl equivalents
when in a 1,2-relationship and also to examine the possibil%ty of using

this appreach for the construcg:}on of five membered rings.

.0 TMSO . © .
QZOzCHg ﬁ ‘ Q/\OCH:;
HO C1,5Tio
, OH . . R ‘
: A
; TMS
100 ~ TMS
F /
2 5. “OcH,
H 6f o6+ o 5
Scheme 3.37 ;9 - “
N o O a

3.7 SYNTHESIS OF THE ELECTROPHILIC AND NUCLEOPHILIC COMPONENTS
- "

" 3.7.1 Mucleophilic Components X

) )
1.3-bis~Trimethyl siloxy=1l-methoxy-1,3-butadiene 100, the dinucleo—~

pk_xilic component of the cyclization reaction, can be synthesized in
excellent yield, Because the direct silylation of the dianion of methyl '
.acetaf:etate leads to C-O-b»('.b-silylation3°7, the reaction is normally done

in a two step process (Scheme ’:-’»38a) 300,

[ 45 n s o S0
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' TMSCI //ﬁ\v/ﬂ\\ ,
‘Znct | OCH, )

H

a0

¥ oTMs OTMS -
M
! _co,CH _
\~ 7 Loaftmsar | Z 2 Socw, a
E:Z N
. ~7a0
5:1 8 l A
105
= OTMS .
C02CH3 b
(o]
25 ™S
° Scheme 3.38 |

The first step is based on work by Dan;i.sl'xefsky:‘l_o8 and Dunogués3°9 where
the silyl group is introduced in basic media with zinc chloride catalysis

105. The second step, using lithium di-{so-propylamide, chloro-

trimethylsilane and tetramethylethylenediamine (TMEDA) as a lithium

chelating agent3°°, proceeds x:‘eadily'to give a single isamer, bdsed on the
ol;servation of only two trimethylsilyl peaks in either the 14 or 29si-
N.M.R. s}:eétra. u

Problems can arise, however, during the removal of fMBDA in the;work-

up procedure after the second step. First, the . compound cannot be

purified by chromatography on silica gel or alumina as this leads to '

extensive degradation. Second, contrary to reports in the

1iterature3°7'31°, it is observed that elevated temperatures (>0°C) lead

to pa'rfial decomposition or rearrangement of the molecule, and thus; .

- “ S 126
f . ‘\

-




1

i

@

b3

r~
,

" 2. ~ 0
SRR I S A e s SYUPOME e+ sy B ppss sk
.

‘given in Scheme 3.39.

el
distillation to give the éroduct in good yield is difficult. As a result,

the TMEDA must be removed over a long period of time (6-14 hours) under

"high vacuum at room temperature. Even under these conditions some

-

decémposition occurs.
The stereochemistry of 100 was initially assigned to be (E) based on
work by Ireland3ll, It was discovered during the course of work with this
% .

compound, and by others310, that a novel 1,5-thermal silicon migration is

a ma{n pathway for the decomposition of 100 (Scheme’3.38b). 1In light of

. this rearrangement, it can be concluded that 100 exists in the (2)

isomeric form. However, the existence of an equilibrium between the (E)
A

and (2) isomers cannot be excluded. ] a

In the absence of TMEDA, excellent yields of .a bis3ilyl enol ether
are obtained at all temperatures below 0°C ('I"able 3.4). BEven without
purification, only one compound is isolated. This product is identical to

that synthesized in the presence of TMEDA, based on ly- or 29si-N.M.R.

studies. Moreover, it can be isolated within one hour and with much less

\ B

. concomitant decomposition. At 0°f or greater, significant amounts of

rearranged and polymeric products are obtained.“

3.7.2 Electrophilic Components

9

Procedures for the synthesis of l,z-dielectropﬁl ic compounds, such
as 106 where R=CgHg, are well known. Therefore, dielectrophiles of this '
type_were chosen to be used in the cyclization reaction to form S-membered

tings, The scheme for the synthesis of some selected electrophiles is
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Table 3.4: Reaction Efficiency in the Absence of TMEDA
t Relative proportion of silylated cempounds in the
formation of 100 at various temperatures?

TMSO  OTMS  TMS
Z " "N0CH,

OTMS
CO,CH, 3

Temperature Conditions

25 No temperature - X" — 100-x
control, compounds —
rapidly mixed.

<25 Temperature con- 3 ‘ 57 a*
trolled using HO . '
bath, compounds

e

5w

‘mixed slowly.
0 Rapidly mixed. 15 85 -~
T 0 Slowly mixed. 6.5 - 50 & 9 . -
) -23 CCLy/Coy 15 .--. 85 ) - -
-42 CH3CN/CO, 11 89 -_
-78 CH3COCH3/C0p 10 . . -90 , - -
t . © .78 CH3COCH;/CO5 "+ 10 - ‘ ‘ 20 ' _ '
TMEDA., } ' ,
-110 - ether/co, o113 87 -
$. The % of the enolic compounds is based on the integration of the

vinylic hydrogens. The non-enolic components were evaluated
using the integration of the TMS peaks. '
* Since TMSOTMS peak 1s under the C-TMS peak, the relative % is
difficult to determine. The major (>90%) portion is the C-~
silylated compound. .
** ! The relative amount of the starting material (105) is 9%.

Although TMSOTMS is present in all spectra, this compound can be
easily removed by pumping at high vacuum. For example, the first entry at
0°C, after 2 hours pumping, the relative % of TMSOTMS dropped from 6.5% to

. 1.5%. ‘ 7

// 7
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G ,0 -Dichloroadetophenone l‘i is readily synthesized by the di;:ect*
chlorination of a’c;e’tophenone in acetic acia3l2 1t is isolated in a yield
of 93% after distillation. Treatment of 24 ;ith sodium methoxide in
methanol under an inert atmosphere, leads to a 81% yield of 2,2-dimethoxy-
phenylacetaldehyde, 109. Thqe conversion of 109 tc? phenylglyoxal 5 has
been described by Trost’2. However, as only fair yields are obtained
using this procedure, the direct synthesis from acetophenone 99 can be
used. This involves oxidation with selenium dioxidé to give .the glyoxal 5

in 84% yield after distillation, This compound readily sets to a stiff

gel, probably as a result of polymerization. Because of the difficulty in

< Y129 .
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handling bolymers of this type, the glyoxal is converted to the dimethyl-
acetal 6. It can be made in 83% yield using chlorotrimethylsi*lane in
methanol. 'These procedures can be equally applied to the p -methyl
derivatives to give comparabnle yields (Scheme 3.39, series b). The
starting material p-methylacetophenone 108 can be synthesized in 73% y.ield

by the Friedal-Crafts reaction of toluene with acetic anhydride3l6, -

3.8 CONDENSATIONS R

3.8.1 Monoalkylation ‘ d

v

The b,&,-snyl enol ether 100 can be reacted h ‘ eries of mono—
alkylated products with catalys:.s by one equ:wal |
chloride (Scheme 3. 40) 'I‘hese reactJ.ons must be quenched with basic media
to neutralize the HCl formed after the hydrolyszs of TiCl,. Ngrmal ly, the
use of aqueous sodium bicarbonate solutions leaves emulsions of titanium
dioxide which are difficult_to separate fram the organic components of the
reactions. Alt‘erna'te‘work—up procedures can be used, such as, Amberlyst
A21 weakly basic resin and 4is o-propanol,' or ~10 equivalents of water in
the presence of excess solid K,CO3 or NaHCO;. However, while the latter
two procedures avoid the formation of emulsions, the reaction products and

yields are inconsistent. Therefore, an agueous woric;@: followed by

extraction with ether is considered the best choice of the neutralization )

procedures attempted.

130

B T T . . N—— R o S
=

I A e

15 wermitonlt

Lk

- ——— s




Rl

ﬁ:’ﬁ‘?&g’%mﬁﬁywwwﬁﬂ%W;ﬁa*'*ﬂ‘*”»'—»*«' Rt | T,

+ JH(\)

> Mt s FORE T

TMSO ©  OTMS PhCHO . oH |
e . H
Z N NocH, Hv/szﬁ\/cqca
CTic, , .
112

T™S oms

7

' . 0
' "OOCH
0 1Ticl LI
Cl 4 cl |
- Nql
L+
A b .

115,116

Z NocH,

(o] . \—~\ o .
OCH,

ce———

* . OCH,

OOCH,
OCH,

OCH,

. E v

| | - |
et K OOCH, -

CH,

CH;30

HO
' OCH,

-

Sch_ape 3.40 \

v - 131

st ot W




o MG o WIEREORY Caik il Ll

The crude: reaction mixﬁures after work-up (Scheme 3.40) consist of a
major product with traces of.other compounds. 1H-N.M.R. spectra of the

crude mixtures show the desired monocalkylated products 112, 113, 114, 115

or 116, in yields in excess of 70%.. The purification of these compourds,
however, leads to some difficulties. For example attempted separation of
116 on mesh chramatography gives none of the purified material (the yield
of the crude starting material was 55%, based on 14-N.M.R.). This is due
to the crude material undergoing a very efficient retro-aldoel réaction in
the presence of the T.L.C. silica gel. The use of flash chromatography
gives improved yiefas‘.for 115 and the other compounds, however, some
decomposition on the‘ column always accompanies these separations, ‘ Modifi-
qa}:ions of the chromatographic procedure, such 3s the deactivation of the
silica gel with me‘thanol, triethylamine, or water, do not lead to improved
yields. .
" As can be seen, all these reactions give y-alkylation preducts; no
evidence of g —alkylation is observed. Moreover, all of the electrophil
react, exclusively at the more reactive carbonyl position. It should
noted that the bissilyl enol ether 100 formed in the absence of TMEDA
(Scheme 3.40a) reacts in the same maxmer' as that formed in the presence of

TMEDA (Scheme 3.27), confirming that the two synthetic products are the

same297,

3.8.2 Dialkylation . m

The Lewis acid catalyst which is employed in the aldol reaction does

not act as a true catalyst in that molar equiva’ients are required for the

reaction to proceed. Each carbon-carbon bond formed results in the
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concomitant forfiation of an oxygen—tit-:anit.m bond. It was ’expected, there-

t fore, that the hse of two equivalents of TiCl, with the 1,2-dielectro-
philes (reactions 3.40 b, c, a:nd d), ;uould _le;ad to cyclic dialkylated
products. However, under these conditions, reactions 3.40b and 3.40c gave -
- the same monoalkylated products. Although dialkylation does not occur in
‘reaction 3.40d, an interesting deketalization at the benzylic éosition
ac;companies the monoalkylation (Scheme 3.41).\ This dgketalization §oes

not occur with unactivated acetals, §uch as 117 (Scheme 3.44). As the
work-up for the reaction makes use of basic media, conditions under which

the hydrolysis of ketals does not occur, this deketalization might be

promoted by ti tanium tetrachloride.

Scheme 3.41

In light of these results, it is reasonable to conclude that o -alkylation
of the presumed silyl enol ether intermediate 118 (Scheme 3.44) takes
ace much less readily than al);ylati%n at the y-position of 100. The
dichNoroalkyl group, dimethylacetal or dimethylketal, are not sufficiently
electrophilic fo;.' a-alkylatién to occur. It 1s obvious that a more
pofent electrophile is required if dialkylation is to be achieved. 1In

reaction 3.41, however, a more potent electrophile, the benzylic ketone,
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is generated in s{itu. One should be able to' take advantage of this
situation by using more TiCl,, Indeed, when three equivalents of titanium
tetrachloride are used, o -alkylation can occur to generate the cyclic
gystem (Scheme 3.42).
TMS OTMS
£
7" "\OCH;,
+*

CH;0._ OCH,
H

o)

HG L
J | a O a) ‘R ] H' -l—l-g
f b) R = Ciy, 120

These cyclopentenones can be easily identified due to the very recog-
nizable ABX system in the 1y-N.M.R. spectrum. A portion of the 200 MHz
spectrum of 119 is shown in Figure 3.1 (the aromatic region and the region

below 2.5 ppm have been omitted).

Concentration and temperature regulatign play very important roles in -

the reaction. After much experimental trial. and error, the optimum

reaction sequence is as follows: one hour at -78°C, warming to 0°C over 15

minutes '(ice bath), and then the quenching of the reaction. If the
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products. and polymers (Scheme 3.43).

concentration of either the enol silyl ethér, or the electrophile are
greater or lower than 0.1 M, then much lower yields of- the desired cyclo-
pentenone are realized. If this regime is not followed, complex reaction

L
mixtures result from either excessive reaction time or thermal conditjons,

. o n . . . . .
and monoalkylated products result from either insufficient reaction times

8

or thermal conditions.

The yiglds of the reactions 3.42a and b‘ are relatively high (70-80%), .
based or; the 1H-N.M.R. analysis of the unchromatographed mat;eri‘al.
Howevar, substantial decomposizion i tne product?s occurs on the silica
gel ‘colui;n. Al tnough déactivation by methanol, of ~the sil_ica gel,

improves the isolated yielbds, they remain moderate; 35% and 48% for 119

and 120, respectively. The occurrence of decomposition on the column is

. most likely a reflection "of the intrinsic instability of the cytlo-

pentenone system. There is ready‘ elimination of water from cyclo-
. <

pentenones leading to cyclopentadienones. These cbmpo%ds then readily

undergo Diels-Alder and.other processes to give a complex series of

A} ! A

P-4
» . \ i
r o . o ’ L3
fo) Ex
E E. E
HO £ _
=
o
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3.8.3 Controlling the Regioselectivity of Ring Fomation

, 0
, COOCH,
' HO” - [ “Ph -
" [o)
e COOCH,

o]
COOCH, "
Ph o -
COOCH,
o)

+ exo isomers
SChe“e 3.43 - ’ .

-
cr -

A e
v

It was initially hoped that both possible regioisomers could be

selectively formed in the cyclization reaction. However, since deacetali-

zation only occurs with the benzylic ketal 121 --> 118, just one regio-

isomer is accessible (Scheme 3.44): It had been“anticipated that the
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electzopbiloicity of the two carbonyl groups of 5 would be similar and that

the use of this reagent would lead to a mixture of both possible regio-

isameric compourds, It is surprising to discover, however, that the same

regioisomer 119 can also be formed from the o -ketoaldehyde 5 (Scheme

3.45). !
i -~
' The reaction with this electrophile is regioselective indicating,
under these conditions at least, that aldehydes are more reactive electro-

philes than ketones, even activated benzylic ketones. The hydroxycyclo-

pentenone which is/ isolated has the same substitution pattérn as the

synthetically chailenging pr;pé:a/glandins skeleton, It is possible,
therefo:}e, that other 'simple ketoaldehydes could be used for the
generation of prostanoids by this simple reaction sequence. It should
follow that one of the regioisomeric cyclopentenones is available gran any
keto-aldehyde (Scheme 3.46).' These keto-aldehydes are very easy to

generate* fran a variety of precursers317'318'319'32°.

-]

* It should be noted that t;tiese.ketoaldehydes' are difficult compounds

to handle as polv:nerizai:ion readily occurs.
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Scheme 3.46 f

~

The other regioisomeric hydroxycyclopentenone/, however, is not nearly
as accessible, If cyclization was to-occur, a deacetalization step would
et
-

have to be implementéd in between the alkylations of the two silyl enol

ethers (Scheme 3.47).

\? OTMS ‘.

OOCH, OTMS ’

N ’ OOCH, ‘

CH, ? R Y
. .
OTiCL CHs R =Ho
3 OTiCl,
u7 . Scheme. 3.47 122
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To be synthetically useful, this must occur in "one-pot" sequential'
procedure. Further constraints exist in that the reagent for deacetali-
zation must not react with the enol silyl ether. This is a difficult
challenge as most acidic/deacetalization catalysts, such as aqueous acid
or trimethylsilyl iodide, react with the enol silyl ether directly. In
one expgriment, for example, the attempted deacetalization of the inter-
mediate 117 (R=Me) with iodotrimethylsilane leads to a complex tar. These
difficulties in the deacetal ization process are exacerbated by the need to ‘
keep the reaction at low témperatures to prevent self-condensation.

The simplest solution to this problem would be to find a feaétive

electrophile with one of the following properties: (i) less reactivity

e d

than a ketone but substantially more than an acetal, (ii) grgatef
reactivity than a ketone, or (iii) less reactivity than a ketone, _but must
be transformable into a ';:eactive electropﬁile under conditions which do.
not affect silyl enol ethers. To be of synthetic use, these hypothetical
compounds must be easily synthesized from a carbonyl group (Scheme 3.48).
In addition, it must be possible to ::ontrol the regiochemistry of their

formation.

3.8.4 Approaches to Finding Alternate Electrophiles

-~

‘Some attempts have been made to find electrophiles which fulfilithe
requirements listed above. A possible alternative electrophile exhibiting
the necessa‘ry properties of type (i) compound are the hemithioacetals.
They are less reactive than ketones297 and the possibility exists that
their’ reactivity is intemmediate to acetals \or ketals and ketones (type

i). They can be synthesized from a methyl ketone or aldehyde to generate

141
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both possible regioisamers of the o« -carbonylhemithiocacetal,
A synthesis of o -ketohemithioacetals involves the following steps

321 of acetophenone

(Scheme 3.49). In the first step, the bromination
proceeds readily in 55% yield. It is surprising to note that the
bromination qf pheriylacetaldehyde under identical conditions, which would
have eventually led to the same products, (gives only a complex tar. Next
is the introduction of the thiophenyl group which, using a medification of
the method of Duhamel322 is achieved with thiophenol and triethyla:inine in
cold hexanes to give the product 124 in 99% yield. Chlorination with

sulfuryl chloride323 gives the a-chloro phenylsulfide 125 in 99% yield.
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.
Methanolysis of 125 leads to 126 in 87% yield32?4, while treatment of 125

( . with one eguivalent of sodium methoxide in methanol at 0%9C leads to 127 1in
e N Fd

.a 77% yield32,4. The yields of the overall reaction segquences are quite

D
. high 40% and 42% from acetophenone for 126 and 127, respectively.
Unfortunately when the condensation of the hemithioacetal 126 with the
bis.-silyl enol ether 100 was attempted, catalyzed by three equivalents of
TiCl,, the desired cyclopentenone is not formed, onl)f the monoalkylated
[}
product ‘is 1solated (Scheme 3.50).
J
TMSO OTMS .
" : O
OCH; 3TiCl,
- : : - - OCH, .
. +
O
P
OCH, OH SPh
/ . —— T
' ) SPh /
( ' A Scheme 3.50
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This indicates that the hemithioacetal is insufficiently electrophilic to
allow the formation of 5-membered rings under thé conditions used.
Moreover, it is also unreactive towards the deacetalization step which

would have allowed the formation of a more potent electrophile,

A ;second electrophile of type (ii) is an intermediate in the

synthesis of hemithioacetals, the a—chlorpbenzyl phenylsulfide 125.
Compourds of this type can be used as electrophiles for the g-alkylation
of carbonyl groups (vide supra). .Recently, £he successful use of methyl
@ ~chloro—a -phenylthicacetate for condensations with silyl enol ethers
has been described (Scheme 3.51)325,326,

TMSQO,

N - T~
R TNCO.CH, R ™5 R

ZnBr, '

Scheme 3.51

~o

When the corresponding reaction of 100 with the phenyl ketone 125 is
attempted, with zinc bromide as catalyst, none of the desired cyclization

products are isolated. Instead, the formation. of substituted furans, for

‘which there 1s some precedent in the literature2>8, and moncalkylated

products are observed (Scheme 3.52). It can be seen that the furan 129
°and the rinseparable pair of diastereamers 130 arise from g-alkylation of
100 at the carbon bearing chlorine in electrophile 125. The other furan
131 also arises frcm a-attack, but at the phenyl ketone centre. This is
the only electiopﬁile in the context of this thesis in which ¢-alkylation

of this type has been observed. This may arise in either or both of two

-ways. First, traces of the Y-alkylation products rg_light be formed,
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leading to a furan and concomitant formation of a hydréxyiic species (such

(7;» as tr:'methylsilanol’). These hydroxylic species could hydrolyse 100 to the

monosilyl enol ether, which would then undergo a-alkylation to give the

furans 129, 131, and the monocalkylated products 130. Again, formation of

these furans would be accompanied by the production of hydroxylic species

and further hydrolysis of 100 could occur. On the other hand, Fleming has

noted that of all the electrophiles which he has tested (Table 3.3) the

o -chloro phenylsulfides give the greatest proportion of e-alkylation.

- This electrophile may simply be one for which the a-/Y -alkylation ratio

is very high. It is possible that the alkylation which takes place first

is the Y-alkylation,' and that a subsequent rearrangement to the -

product takes place. However, it does seem unlikely that there would be

enough of a thermodynamic advantage in the formation of the a—aleylated

produ;:t to justify such a rearrangement, and, therefore, this possibility
appears remote.

Attempts to utilize electrophiles of type (i), hemithiocacetals, or
type (ii), g-keto- g -chloro phenylsulfides, do no{; appear to be suitable
for the synthesis of S—menberéd rings. Electrophiles of the type (iii),
those .which can be deblocked in the presence of an enol silyl ether, have
recently been described by Trost?82, Dithioketals can be transformed into

carbonium ions in the presence of a silyl enel ether (Scheme 3.53)327.

¥
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It seems possible, therefore, that a procedure of this type would allow

(b the formation of cyclopentenones as well (Scheme 3.54). '
- , Q  sR
o CH,SS(CHy); BF, “/'K< \
- SR TiCly
TMSO ‘ T™MSO
CO,CH,
R’ SR
- CI;TIO  ¢p
TiCl, CH,SS(CH,)," BF~
. : 0 !
OLCH ' CO,CH
Rl B RI
‘ . RS
( o H H SR
. ZScheme 3.54 - ¥

‘ This proposed scheme could allow the synthesis of both regioisomers from a
single carbonyl group, and as a result this type of electrophile offers
real potential, although experimental work in this drea has yet to be

W ‘ }

done.

3.8.5 Modification of the Lewis Acid Catalyst

'

Another way in which the reactivity of the electrophile could be
increased is the manipulation of the Lewis acid-catalyst. If a more

oxophilic catalyst could be ifound, then it is possible. that the electro-

( ‘ philes described céuldtbe used to give the desired cyclization products
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directly. Both stannic chloride and 'the ziﬁc dihalides have been used as
Lewis acid catalysts, but both are less reactive than TiCl,. It was
hoped: therefore, that changing the ligands on the titanium would lead to
improved electrophil‘ic reactivity. Unfortunately, some preliminary

experiments show that solutions of this kind are difficult to find. For

example, the cyclopentadienyl substituted titanium species (CpoTiCly) is

far less reactive then titanium tetrachloride itself; no reaction was
observed in the condensation of benzaldehyde with methyl 3-trimethyl-
siloxy-but—2-enoate at 115°C over a 48 hour period. \r

.

.

3.8.6 The Relative Reactivity of Electrophiles Towards 1,3-p{s-trimethyl-

siloxy-l-methoxy-1,3-butadiene Under Acid Catalyzed Conditions

The work described has involved the use of one silyl enol ether 100
m condensation reactions with a series of electrophileé. While it is not
possible~té stat-:e that the order of electrophilic reactivitﬁr will be the.
same for other silyl ‘enol ethers, it can serve as-a guideline. The
relative reactivities of the electrophiles has been found to be the
following (Scheme 3.55). ’

RR'C(C1)SCgHg > ArCOCHO > ArCOCHO > RC(OCH3) 2,RC(OCH3) SCgHg > RCHCl,

Scheme 3.55
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3.9 MECHANISM
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The mechanism cf the reactions of silyl enol ethers with electro-,

pt;iles under titanium tetrachloride catalysis, have been postulated277'328

-4

to proceed via a cyclic transition state (Scheme 3.56).

. TM™s OTMS ‘ -
A NocH; ClTi O TMS
O

, + TIC]4
CH,O._ . OCH; '
0]
’ ]
" Ticly - [ Y.¥=0
b7 or Y=O0CH,
 J
L o)

\ COQCH3
+ TMSC
j \ HO '
. Scheme 3.56 ° O

Support for this rests upon the occurrence of diasterecselection during
alkylation which must arise from a relatively rigid transition state. No
direct spectroscopic evidence has been reported to confimm this postulate.
In order to clarify the mechanism of the 3-carbon + 2-carbon

' cycliz;tion reaction, 29Si-N.;4.R, usir;g the INEPT pulse sequence was used

(see Appendix 2). Data accunulations of only seven minutes_ are reqhirgd

-
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. for ;ach of the Qix spectra taken, when using the INEPT pulse sequences

{ ’ The concentration of the reactants are necessarily high, and,therefox;e,
# the direct mechanistic correlation ‘with the preparative scale ﬂrealction

* cannot be necessarily inferred. The reaction is péi:forme;i at -50°C in two

¢ " stages (at lower temperatures, precipitates fo‘rm which greatly distort the
spectra); to an equimolar mixture of the bisé-silyl ex"xol ether and 2,2-
dimethoxyphenylacéta/idehyde, ‘in methylene chloride, is added 0.5
equivalents of titanium tetrachloride. After three spectra are taken at
approximately 10 minute intervals, thé remaining 2.5 e&uivalents of
titanium tetrachloride is added to éomplet_q the reaction and then a
further three spectra are taken. The results are shown in Figure 3.1.
The stdarting b.is-silyl enol ether shows' two peaks; the enol si:&yl ether
(22.5 ppm) and the enol silyl ester (17.1 ppm). It should be noted that
‘these peaks are siightly downfield from the cof:responding.peaks in the

absence of TiCl,y the resonances in that case are 21.8 and 16.2 ppm,

respectively, ~ Upon' addition of titanium tetrachloride, the enol ester

@ peak begins .to decrease in intensity ard is acccmp;nied by the formation

_of some chlorotrimethylsilane. There is also the formation of a new peail(
at 26.1 ppm which is believed to correspond to the chelated monosilyl enol

ether 118 (Sch_eme 3.56). With the addition of the remainder of the

leaving peaks corresporiding to the trimeﬁhylchlorosi lane and the monosilyl

C—

&
titanium tetrachloride, the enol ester and- enol ether peaks both collapse, -
intermediate 118. After one hour, the reaction is complete and the only

3

.remaining silicon containing product observed is the chlorotrimethylsilane
° . (31.6 ppm). —Tt shduld also be noted that the silyl peak observed at 26.1

pom, must be bound to an oxg}gen atom chelated to a.titanium moiety either

Q . ' inter-, or more likely, intramolecularly. The uncik:elated monosilyl enol

«
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INEPT 20981-N.M.R Spectra Following the Condensation Reaction of the Indig:ated Enol . -

Silyl Ether and Electrophile to Determine the'Mechanism A
. . " (t refers to the time halfway-through an aquisition)
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" 3.10. CONCLUSION

4

ether 97 displays a peak in the 29:Si-N.M.R. at 20.09 ppm ((E) isomer, the
minor (Z) isamer (15%) dis;plays a peak at 19.93 ppm), considerably upfield
of the peak observed fram 118. A downfield shift of this sort is a resul‘t
of deshielding of the silyl oxygen atom by the chelating titapium moiety.

This spectral data confirms the sequential nature of the reaction,
shows that it is.the silyl enol ester which reacts first through the v =~
position, that titanium directly coordinates, probably in an iptra-
molecular fashion, to the oxygen upon which the silyl group of the silyl
enol ether resides, and finally, that trimethylsilyl chloride is the only

silicon containing product of the reaction.

o

The utility of-sTlyl enol €thers in organic synthesis is rapidly

becaming widespread. In order to further evaluate the utility of thesé

‘comﬁounds a wide variety of dielectrophiles in a 1,2-relationship were

b

synthesized. The relative reactivity of these electrophiles towards 1,3-
bis-trimethylsiloxy~l-methoxy~1,3-butadiene under TiCl, catalysis was

determined. It has been shown that y-alkylation is the preferred mode of

1reaétivity for this compound (with the exception of ‘a-chloro phenyl-

suléides which react predominantly at the a-position). In addition, an
order of electrophilic reactivity towards 51lylfenol ethers has-been
establ ished’ based on &ie/}t:a reactivity of these l,2—dielectrophile§. In
certain cases, it has been determined that dialkylation can occur leading

to- hydroxycyclopentenones. These compounds are of interest because their

; — substitution pattern is the same as that for the prostaglandins.

The mechanism of the dialkylation reaction has been shown to proceed

. : 153
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via an intermediate bound to the titanium catalyst. The enol ester reacts

‘ M . first at the Y-position to form the chelated intermediate. This
intermediate silyl enol ether then reacts at the q-position to give the

cyclic product. It is hoped that the experimental work 01;1 the che:nist;:y

of enol silyl ethers has served to indicate 5ust what versatile reagents

* they are. Moreover, it is hoped that this mechanistic and synthetic work

* will further facilitate the use of silyl enol ethe®s in syn%'xetic organic

g\ ,
. ' chemistry. ’

o
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Appendix l:Chramatography |

A Comparison of the Relative Efficiency of Flash, Mesh, and High

Pressure Liquid Chramatography

Y
3

One of the more tedious and time consuming tasks in t\h”e‘ organic
v 1

synthetic labora;tory is the purification of compounds. It is also one of

the most important procedures. The time which is required to spend on

this problem, however, is minute compared to the situation only five years

&go. This can be credited largely to Still?? who reported a new chromato-
graphic technique, flash chromato%raphy. Flash chromatography
incorporates features from both gravity feed column c.;hromatography and
high pressure liquid chromatography, thus allowing the advantages of both
techniques to be exploited.: The advantagef of the.former technique is
essentially the ability to do large scale separations, while the latter
technique exhibits the merits of speed and hifgh efficiency. W,

Flash chromatography is a medium pressure column technique which uses
a s-naller silica gel particle size (40-63 microns) for higher chromato-
graphic efficiency while maintaining reasonable flow rates. The technique
allows the easy separation of quantities of material from 1 mg.to 1 g and

may be further scaled-up in same cases. Another very important element of

_this technique is the direct correlation of the separation of compounds on

a T.L.C. plate (0.2 mm thick, aluminum backed) to that on the collmn. For
the separation of only two components, compounds whose Re differ by 0.1 or
more can be easily separated. Its utility can be further expanded for the

separation of multi-component mixtures by using_step-gradient elution. As

R R R L L S AP TR " .y A ot R TR

N
g

can be seen fram the experimental section, this technique was extensively("

used.
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Another technique which has been éxploi,ted*to achieve good
separations is mesh chromatogtaphyso. This is a similar \t\e\chnique to
flash chromatography but differs in the mesh of the silica gel usgd. To
compensate for the higher density of the packing of the smaller particles

-
(T.L.C. grade silica gel), less silica gel is required. Therefore, this
procedure belongs to the family of short column chromatography techniques.
Mesh chromatography allows the separation of two compounds with an Re¢
difference of 0.07 or greater. It is inadequate, however, ’for the
separation of multi-component mixﬁ:ure\s with or without step—-grad_ient
elution. One disadvantage of this procedure is the poor correlation of
‘

the separation of compounds on the cblumn with that on a T.L.C. plate.

Both mesh and flash chromatography are extremely simple to set up, to

run, and require very inexpensive equipment. There are limitations, *

however, in the amount of material which may be separated and the

efficiency of the separation. For large scale separations, the Waters

\
Prep 5002 H.P.L.C. can be utilized. This instrument allows flow rates of

50-500 mL/min through a radially compressed column (6.25 cm internal

diameter, 30 am in length) with an internal volume of 500 mL. This large

;%_scale equipment is particularly useful for such problems as the removal of

i)enzyl alcohol from a :nixture of benzyl alcohol, benzyl ether and methyl
benzoaf;’é (see ester experimegtal section). :The removal is accomplished by.
trapping the benzyl alcohol on the column with a noﬂ—polar eluent leaving
the etheric compounds free izo elute. Subsequéntly, the benzyl alcohol can
be ‘washed from the column with methanol. Although this is not truly a
chromatographic procedure‘ as much as a filtration, it is a very useful
separation tc—;-chnique.

It is also. possible to use the Prep S500A for separations which

v
i
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requir;d high chromatographic efficiency. The col umns suﬁp;i;ad by Waters,:
however, are far itoz) large, and expensive in the use of‘ solvents, to use
for the efficient separation of small quantities of material. Therefore,
a 2.5 x 30 an stainless steel column obtained from Waters,can be adaptg—:;d
for use in this context. Unfortunately, the silica gei supplied by Waters
gives poor results when packed in this smaller column. However, by using
a different silica gel (43-60 microns, Merck kieselgel) and the djy
packing technique of fla‘shﬂ chromatography, the separations can be
improved. . . .

Further modifications of the equipment were requireg before efficient
separations could be achieved. E‘rom' chromatographic theory329, the,
reduyction in flow rate and/or particle Size of the packing material
improves the separation of the components of the mijture at the expense of
separation time and column loading, resi:ectively. In consideration of
this theory, a flow rate of 25 mL/min was found to be optimum in terms of
resolut;ion, efficiency and time. However, the instrument only allows flow
rates of up to 500 mL/min in 50 mL//nEn\ increments. The ideal flow rate,
the;:efore, was unattairluable. '

The flow rate controller was modified to r;lake this optimun flow rage
accessible. The flow rate of a Waters Prep 5002 Liquid Chromatograph333
is controlled by a feedback mechanism which compares the existing flow
rate, represented by a voltage across the Elow réte transducer, with the
newly selected flow rate, represented by a voltage taken from the flow
rate switch (a voltage div’ider). If a differ;nce exists between the two
voltages, the flow rate will be incremented or decremented until the new
flow rate is established. Flow rates other than those provided by the

~

manufacturer are obtainable by modifying the flow rat‘e’ switch. This can

o
o - v
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be done by adding a 500—(9 variable resistor between the idle point (see

g
g
B
“
A
¥
i
#

!«‘ Figure 4.1, position A) and the third position of the flow rate switch
. (position B). This permits-a smaller voltage change to be selected by
5. ' the comparator, and thus, control of the flow rate from 12-100 mL/min is
’ ( - Figure 4.1:A Circuit Diagram of the Modified Waters Prep 500A Ligquid ‘
' . o , Chramatograph®
+24y -
INCREASE ~
- FLOw 5
» RELAY -
Qa02
o2
+15v ‘
POSITION 4
Q403 - FEEDOACK ¢
. woassLE por : 1
PLATE [ W ey
* Qse0a 10K
ok ) ~15V
: 0408 N
. DECREASE . E
“““ FLOW
L RELAY g
?. -ICV, R41s
¢ P TEm -
} 227K ,
4 A4t2 .
* 221K ~SET
" —>cs +20V
TEST POINT
A413 , 75X E
B kL) . )
A ::,';52; (L/marn,
5 10LE Kl 2 3 “ - ,
MWJ“MJWW" ‘ I
‘1 R401  Pe01 * 8

R417|
SET
510 +20v | 681K . m ..
A~

l soofl
e NMAAAAN

— t | / . ' ‘ P

J

( .
* This modified version of the ori’g}nal Waters diagram is reproduced with

Fad

permission.
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possible. A calibration curve can then be constructed (Figure 4.2) by
plotting the voltage applied to the comparator (or the values on the
variable resistor dial) versus the flow rate. This curve is linear wi1\:h
an intercept of 12 mL/min which represents the minimum voltage difference

that the comparator can detect.

Figure 4.2:A Plot of the Measured Voltage Across the Flow Rate Switch

VeAAUA the Observed Flow Rate "

500d I

300¢
"+ Voltage (mV)

-

100

20 ' 50 : 50
Flow Rate (mL / min)

A comparison of the efficacy of the modified H.P.L.C. and flash
;:hranatography was carried out by separating a 1l:1 mixture of methyl and
propyl 'P—‘hydroxybenzoates. An oversized column (2.5 cm internal diameter,
pa;:ked with 15 cm of silhica gel (vertical column height)) was used for the
'flashichromatography to al lo;«r a better separation. Table 4.1 shows the
quantities of materials submitted to the column as a r;u'xture and isolated
as pure compounds after chromatography. The pur;. ty was ascertained by

both T.L.C. and lH-N.M.R.. It can be clearly seen that the H.P.L.C. gave

-
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a remarkably efficient separation, especially in consideration of the
small structural difference between the two compounds*.’ nThe separation
with flash chromatography was not nearly so successful. ,

Several advantages exist in the use of the Waters [:IQP.L.C.. One can
selectively "shave" purified-material from the column and recycle the
remaining mixed materials. It is alsa possible to use more sensitive or
selective detectors such as the ultra\‘ziolet} detector. One disadvantage’
however, is the difficul;y in choosing a solvent system. For flash
chromatography, one simply chooses the solvent system for which the
intermediate position between the two compounds to be separated,
corresponds to a "mobility" on T.L.C. of Rg=0.33. Tl';e mobility on T.L.C.
which corresponds to a g(;od H.P.L.C. separation is Rg=0.07. As it is
d‘ifficult to accurately measure such low Rg'S, choosing an appropriate
solvent system involves much trial and error.

In conclusion, it can be said that the modified H.P.L.C. i5 extremely

efficient for difficulyg separations. It will separate compounds whose Rg

differs by 0.05 or more. This simple and inexpensive modification also

fills the gap between the analytical and "preparatdve" liquid

chromatographs by allowing improved separation capability in the 50-500 mg
sample range. It is not dppropriate, however, for routine separations in

light of the difficulty in choosing the solvent system,

* Al though the H.P.L.C. permits recycling, that is,. passing the mixture

through the column more than one time via internal tubing, this was not~*

utilized so that a fa!;;r comparison betweén the techniques could be made.
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Table 4.1:A Comparison of. the Separation Capabilities of Flash

‘Chromatography and the Modified Waters Ex;‘ep 500A H.P.L.C.

{9:1 ‘hexanes-
ethyl acetate) J

‘Flash 74.0 5.0 .6l 75.0 20.1 26

(4:1 hexanes-~ ' -
ethyl acetate) '

2
-

L3

The mixture of the two compounds ‘was placed on the column in a small
quantity of the eluent solution. The separation procedure followed was
that of Stil179 and _Waters333, respectively., With the H.P.L.C., however,
the suggested packing and flow rates were modified. The fractions were
spotted on T.L.C. (Kieselgel 60 Fog4 aluminum-backed plates f—rom E.
Merck), eluted in the solvent system used for the preparative separation
and developed in a sulfuric acid-based developer. Fractions containing a
single compound on the basis of the T.L.C. were combined, the solvent

removed under reduced pressure and an 1H-N.M.R. spectrum taken of the

Technique ~ Propyl Propyl Recovery* Methyl Methyl izecover;y*
‘(Eluent) ' ester (p) ester (mg) % ester (mg) estilar (mg) %
.on col off coi\xnn ' on column off\column
] L v
"H.P.L,C."  66.5 - '66.0 . 99 66.5 6410 96

L]

residue. The spectra in all cases confirmed the presence of a single

product, either the methyl or propyl -hydroxybenzoate.

’g B : 161
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Appendix 2:Nuclear Magnetic Resonance Spectroscopy Using The INEPT" Pulse

t -

§§ggence

ol

Nuclear Magnetic Resonance has become the smgle most important

étechmque for the identification of organic molecules. To a certain

extent, this is due to the very high sensitivity, short relaxation tims,
and large natural abundance of protons which are-observed in the magnetic

resonance experiment. However, the attainment of comparable chemical

information fram carbon, nitrogen, and silicon nuclei, has been limited by

Q

"low abundance, long relaxation times, low sensitivity, and in the case of

silicon”and nitrogen, has also been hampered by a negative gyramagnetic
ratio. The latter three problems can be circumvented by the use of a
technique termed "insensiti;ze nuclei enhanced by polarization transfer" or
INEPT336

This method mékes use of a mhl£i-pulse sequence Qhereby the nucléar
spin‘polarization of protons .(large Boltzman ‘population difference and
shc‘n:t relaxation times) is transferred to the insensitive nuclei (I)** tc.;
which they are coupled (1=13c336, 15y337, 2953338y, 1t has not only been

applied to spectral enhancement but in additjon, to spectral.simpli-

* This treatment of the INEPT pulse sequence is in no way intended ::‘8 be
a mathematically rigourous, but rather a simplified "hand-waving”

explanation which, it is hoped, will allow an understanding of and outline

the utility of the INEPT pulse sequence. For a mathematical treatment the

_reader is referred to the references 334-344.

. .
|
** I refers to insensitive. nuclei, H to a proton.
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fic‘ation339"34° and two-dimensional. lH-N.M.R.341. ’
The multi-pulse sequence can be mddified to give coupled or decoupled

spectra.. Representations of the two pulse sequences are given below.

| Coupled ‘ _
v \ “- w20 ) 7/2(y)
. | ’ .
Dy . %P3 - %Dg
. @ W/z(x)
[ bt .
| 1 |
Decoupled S . | '
’ . ( va(x) A 1 ) # Decouple
H o - ' "
: | e
. e o
TR
Dy /203 ‘ . VD3 - Da

7 (X). ,' m(Y)

The H-'w/Z(x) :‘eférs to a pulse along the x-axi§ of appr'opfiate length in
'xpiéléoseqopds to rotate the,x:i magnetization vector from its original
' pc;si,tisn ’paralhlel to the zZ-axis ont.o‘ the x-f plane. ) D3 and Dy represent
vdela'y periods in milliseconds during which the m‘agnetiéation velctors are

allowed to precess. 'The understanding of the pulsSe sequénce is simplified’

; . if 6ne realizes that -the H 7 (x) and I m(x) are simply-refocusing bulses342

élaqed at the midpoint of a free preégssion (D2 or Dj) .in order to' observe

o

] ." .Y

.
‘ .
' . . 3
[ ! . , .
-
) . N

' y ! -

‘ . [ 1 - '
¢ ' . . ' |

Tery - . 1 > v v
5 NG o g v g T i v,
ey £ 1 240 11 L SR T S A LS F AN IR PRSI e RS T oI S e S et e S S e b s e

L

-




0

o7 SPETIRSTS T

T o SPTTSANN STC e AAR VSIR BT (e

E N

(e AP R 8 TP TR YT AT W

- refer to the I atoms, half in the +z and half in the -z direction, which 3

: e
+of Iy and I allowing the maintenance of coupling information. After an

‘pulse aligns I, and Ip with the +y and -y axes (Scheme 4.1f). Ip and Ip

AT g et S B e Y NG N T SR P R R

5 %

only the precessiox; due to H-I coupling.

Bendall, Peqy, and Dodazell343'344'have shown that the results of
these pull’se s:equences can be analyzed using the Heisenberg- vector
approach. Utilizing a doubly rotating frame of reference, the

polarizatiorrof I and H in an IH system can be followed simultaneously

. -~
(Scheme 4.1). Hp and Hp represent the né¢ proton magnetization vector,

that is, the excess polarization aligned along' the +z-axis, Ip and i

are céupled to Hy and Hy respectively. The net ;inlxitiel magnetization c% I
will be 1gnored for the purpose of this discussion.

< The initial state of the system, in the presence of magnetic field is . §
represented in Scheme 4.1a, 2An H 1r/2(x) pulse rotates the H magnetization
vector onto the y-axis (Scheme 4.1b) where Hp and Hp begin to precess due
to ceupling to IIA and Ig. After a delay of period i/2D3-31/ (43yp), Hp and
H; have diverged 90° (Sche;ne'4.lc). At this point, the Hm (x) and T T (%)
refocusing pulses are employed (Scheme 4.1d). The 180° H pulse refocuses

all H precessions while the 180° I pulse serves to reverse the directions

additional time .delay.of 1/2D3, Hp and Hg are aligned in opposite
directions along the x-axis (Sc}leme 4.le). 2An H‘w/Z(y) ‘pulse then
rotates the H magnetization back onto the z-axis. A simultaneous I w/2(x)
R
then represent the enhanced I magnetization coupled to H. Acquisition and . E
manipulation of data at this ‘point, gives a doublet with relative

o

intensities +1 and -1, while decoupling gives no net sigmal.™ _
/

L o - 164
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In ;ygﬁans of IH, wheare n>l, the sitﬁatiob is® somewhat more complex.
C7If n=2, for example, the nuclei I, and I receive polariz;tion from the
surplus of protons in the || state over those in the u state. That is,
the coupling of I, with the excess of || over || protoms, leads to a net -
1 signal, while the coupling of Iy with the excess of I over || protons

'leads to' a net +1’.§§gnal. There is, however, no net proton magnetization

for I nuclei coupled to protons in opposite eigenstates (ﬂ). Thus, tie

-expected triplet in the coupled INEPT spectrum of an IH, System has three

lines of*“kelative intensity, +1:0:-1. Suci'i Zero inatensity centre lines
are-found in all cases where n is even and allows the easy distinction
between even and odd multiline patterns.

_ When n=3, the c;aupled INEPT spectrum displays the expected quartet,
but with different relative intensities than the corresponding normal H-
coupled spectrum. As previously stated, the I nuclei receive polarization

!

from the excess of protons aligned with the magnetic field over those
opposed to the field. I; this r;'ase, two such proton conditions exist,
m vers us m, and m versus lu The first pair can be formed by
three different combinations of spins while the secohd pai;: has only one
form, This provides the usual 1:3:3:]1 pattern. However, thevlatter pair
has three times-as great an energy §ap as the first, and therefore, a
three-fold greater Boltzman population difference. When these two effects
are combined, the result”is a l:l:-l:-1 spectrum. The relative
intensities of an IH, system can therefore be calculated by multiplying

the.binomial expansion ‘observed for a normal H-coupled spectrum, by n, n-

2' n-4..~.-.’2,0,—2,--...4—“, 2—!’), -1 for n'-'-'eVéD, and n' n""-?-’ n-

4.e.0e3,1,-1,-3,....4-n, 2-n, -n' for n=odd. It can be seen that INEPT o

enhances the weak outer lines (}B=ny H/ vI) by more than the center lines
{ o)
, ; (

. / ) 166
j » | - \I A

el

.
T s dun Lt il g gaasnaes i

B IR

"

e SR

(RO

W

TN st oty naoht e



z.H

- ’ _— . , (
. | : : ) | .
(E= YH/YI) and allows observation of more lines in a mulgiple pattern.

. ‘ , . 5 A decoupled spectrum may be obtained by performing tl{e proceeding
, multi-pulse sequenc;e‘ and then allowing an additional time éelay of D, (the

:- ';coulpled ard decoupled spectra of tetramethylsilane and chlorotrimethyl-
silane are shown on the following page, Fig. 4.3). In the case of n=1l,
this allows the two halves of the doublet (Scheme 4.1\f) to come 1into phase
(Scheme 4.1g). A refocusing pulse may be appl ied/,}{al fway through this
delay period dépending on the particular pulse segquence being employed.
- The values of the optimum delay times for, each value of n, can be
(S _ calculated (Table 4.2). The eguation expressing the theoretical

- enhancement E3, of the decoupled spectrum, has been derived by Doddrel1 338

(Eqn. 4.1, where D3=D3gpt)-

C L Eq=n( YH/ YI)sin(T J(Dp)cos™ 1(n J(Dy) : Eqn. 4.1
In addition, Ernst has shown that Eg is dependent’on the initial delay

periog‘of<.D3 (Eqn. 4.2).

Eg <= sin(27mJ(1/2D3)) Eqn. 4.2

(7

Combining these two equations expressions gives an expression for the

Ed

! ‘theoretical enhancemént (Eqn. 4.3). - |

Egq=n( YH/ YI)sin(T JDz)cosn'l( TJDy)sin(l/2D4) (27 J) Eqn. 4.3

[
IRT S

It can be seen that the enhancement depends on four variables; I, n,

S : ——
( -1/2D3 and Ds. I is the magnetogyric ratio of the nucleus I and

£
- . A L &
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Figure 4.3 b

INEPT 295%i-N.M.R. Sggctia of Tetramethylsilane and Chlorotrimethylsilane -

COuEléd \
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k]
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i »
o
(Me3) 81, n=12, 13 lines, centre line 1s null, 6= 0.00 ppm.
(Me3) 3SiCl, n=9, 10 lines, &= 31.6 ppm. '
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(Mey) 48i, n=1l2, é= 0.00 ppm. 0 0 - =20
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contributes to the enhancement Ed,lgy the value of the Y H/ YI ratio.
« ' This ratio varies from 4.0 for 13C, to 9.9 for 15N and to 5.0 for 29si,
This factor represents the ratio of the 14 population difference, (which
becomes tite new I population difference immediately following the INEPT

-
o

qulse sequence) to the natural I population difference,

-

~

'Eable 4.2:0ptimum Values of Ej and Dy as a Function of Coupled Protons (n)

n 1 2 3 6 9 12 18
A
Eq 5.04 5.04 5.82 7.83  9.44  10.82 13.15
> * % .
D3 opt 0.5 0.25 0.19% 0.134 0.108  0.093  0.076
*  Eq for %951, vhere YHW/Y S1 = 5,04,
*%  In units of g-1.338 . .

il ‘ / «
The variable n is the number of protons to which I is coupled. While
the enhancement is related directly to the number of protons, the
\ I3
relationship 1s not additive as can be seen by the presence of the cos™1

term which reduces Ej 1n the expression which relates n and Ey (Eqn. 4.4).

/
Eq « nl/2(1-1/nm)(-1)/2 Eqn. 4.4

\ | . r
The only two parameters which can be manipulated, therefore, while
‘taking a spectrum are the two delay times, Dy and D3. The optimum value
of 1/2D4, which gives a 90° divergence between Hy and Hg and corresponds
? to a'max imizatlc;n of the enhancement is 1/2D3=l/(4J). From Eqn. 4.2, the

following relationship of Ey to 1/2D3 was obtained (Fig. 4.4).
y . L
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Figure 4.4:Plot Of The Calculated Enhancement (Ej) versus The Delay Time

=
(1/2D3)

+— _ *«\W

hEd i 'r l/QD3

The sinusoidal relationship makes Eg insensitive to minor variations 1in
035 and furthermore, allows all systems with similar coupling constants
(3%25%) to be enhanced signi ficantly (85% Eg) from a properly chosen D3.
Moreover, 1f D, 1s'chosen judiciously, detailed i1nformation about the
various IH, couplirg constants in a spectrum can be found. For example,
if the value of 1/2D4=1/(4X), the seéuence willl give full enhancement of a
nuclei where Jyr=X, 71% when JI;I=X/2, but zero ennancement345 when Jyr=2X%.
This means that is 1/2D,3 1S set f'or J=10 Hz, 1t will give a 71%
enhancement of “a system whgare J=5 Hz, but if it is set for J=5 Hz, it gitxre
a 0% enhancement where 5=10 Hz. ‘

The last parameter D, 1s important only in the case of decoﬂpfled

spectra. Its optimum value (Table 4.2) is dependent both on n and the

value of J (Egn. 4.5).

[

=
Daopt = 13)~aresin(n=1/2)) ‘ ) . Ean. 4.5

‘ ' \

Fig. 4.5 shows the relationship of D, to Eq and to n. It can be Seen that
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n is increased Dyopy becomes smaller and Eg becomes mo\xse sensitive to
;zg:iations in Dy, If a larger value for Dp is used, the enhancements of
nuclei coupled to an even number of pfotons be’éome negative. This has
been used339,340 o gifferentiate CH, CH,, and CHy groups in the 13c-
N.M.R.. *

There are some limitations to the use of this method. First,

reasonably"corgect values of Dy and D3 must be selected to obtain a good

spectrun from a given I-H interaction. Second, the spin-spin relaxation

?’time, T, must be long relative to the length of the pulse sequence so

that there are still observable signals when acquisition is begun., Third,
while I and H can be separated by any number of bonds|* the resultant

coupling Jy_ 1 must be resolvable on the instrument use  Problems in any

of these aréas will cause the observed enhancement to be less than the
theoretical value. R (

Outweighing these disadvantages, ;however, are the advantages over
standard heteronuclear methods. These are; faster pulse reg‘aetition rate,
decrease in the time required to take a spectrum, signa}l __enhanceme:it,
enhancement of outer lines in multi-line patterns, clear distinction
between even and odd line patterns, and elimination of vsignals from
solvent or uncoupled I nuclei, Moregver, the detailed knowledge of either
the proton or insensitive nuclel spectra is not required. Furthermore,

o —
the variable parameters (Dp and D3) are easily predicted and are quite

insensitive to the differences between systems.

« . . f""
¢
»
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- EXPERIMENTAL. SECTION

R e i S I E a RTINS

¢

1.

5.

6.

7.

9.

°

All solvents were distilled after drying by reluxing with the
indicated drying agent.

a) benzene, hexanes, tetrahydrofuran, (sodium-benzophenone ketyl).

b) methylene chloride, acetonitrile (Py0s). ~ \ .

<) methanol (magnesium).

d) triethylamine, di- ;4o-propylamine (CaHj) .

Infra-red spec;:ra were recorded on a Perkin-Elmer Model 257

[

spectrophotometer with polystyrene calibration. .

b4
Proton Magnetic Resonace spectral were recorded on a Varian T60, T60A
or XL-200 spectrometer. Tetramethylsilane was used as either an

e

internal or external reference.

éarbon—lB Magnetic Resonance spectra were recorded on a Bruker WH-90
spectrometer with deuterochloroform as internal reference.

Silicon-29 Magnetic Resonance spectra were recorded on a Van(an XL~
200 spectrometer with tetramethylsilane as internal rsfe\xit;ce.

Mass spectra were recorded on a Dupont 492B spectrometer using
direct insertion probe with an ionization Ei)otentlal of 70 ev.

Melting points were measured on a . Gallenkamp melting point apparatus
and are uncorrected. Boiling poilnts are also uncorrected.

Gas L1qu1d Chromotographlc separations were performed with a Hewlett-
Packard 5730A Gas Chromatograph using either flame ionization of
thermal conductivity detectors.

Column chromatography was performed on silica gel (40-60 microns,
flash79, TLC grade, meshgo) obtained from E. Merck.

Brepar:ativ:e High Pressure Liquid Chromatography was performed on
a Wate‘;;'g.W Prep 500A Liquid Chromatograph using silica gel (40—60
microns, E. Merck see Appendix 2)
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1,1-Dimethoxyacetophenone’ (6)

Freshly distilled phenyl glyoxal (5)(1.12 g, 8.35 mmol) was dis-
~solved 'in abs@lute methanol (3.5 mLl) containing dry trimethylorthoformate
(3.0 mL) and . 0.056 g of l:IH4c21, at 0°C under a nitrogen atmosphere. It was
left to warm up to room temperature over 4 h and stirred for a further 28
h.
The solution was cooled to 0°C and 25mL of 0.2 N NH,OH was added.
The solution was extracted with ether (2 x 50 mL) and washed with brine (3
x 25 mL). The combine_d ether extracts were dried over anhydrous MgSQ,,
filtered, and the ether removed under reduced pressure. The residue was
pumped at high vacuum for 4 h at 40°C to give 1.03 g of a crude mixture of
the title compound, the trimethylorthoformate and the starting material.
Further pumping at high vacuum for 4 h at 40°C lgd to essentially pure
title compound (0.722 g) in 48% yield. For s’éectral data see the

.

( following experiment.

Method é - F

" 1,1-Dimethoxyacetophenone () -

¥

To a solution of freshly distilled phenyl glyoxal (5)(8.26 g, 62.0
mmol) in absolute methanol (75 mL.), under a nitrogén atmosphere, was
added chlorotrimethylsilane (18.0umL.; 143.0 mmol). The yellow colour of i
the starting material immediately disappeared. The reaction was stirred

oo b U ookl B AW

Y

overnight at room temperature. - ;

The solvents were removed‘ under reduced pressure and the residue was

gistilled (b.p. 89°C/0.6 torr, 1it.312 g5-69¢/0.25 torr) ho give 8.35 g

_ of the pure title compound. Arr“additional 0.74 g was present in the
¢ stillpot (as determined by lg-N.M.R) to give a total of 9.09 g in 83%:

et n Sale M on Dt

yield. ]
) Under forcing conditions (reflux, excess TMSCL), IH-NM.R. analysis
{ indicated the presence of a small amount (<20%): of the ketal-acetal

(CGHSC(OCH3)2CH(OCH3)2). This product remained elusive and was never

) - . 173
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successfully isolated. The spectral data for compound 6 is as follows;

I.R. (neat) : v= 1692, 1601, 1581, 1451 cm-1,

lH-N.M.R. (CDC13) 16 =3.48 (s, 6H, HC(OCH3)p), 5.23 (s, 1H, CH(OCH3)p)/

7.2-7.6, 8.0-8.2 ppm (m, 5H,,qn). .

' [Ketal-acetal
LH-N.M.R. (CDCL4) 16 =3.48 (s, 6H, HC(OCH3),), " .
3.54 (s, 6H, CgHgC(OCH3)2), 5.10 (s, 1H, CH(OCH3) 577

7.2-7.7 ppm (m, SHy o) .)

o

a »_a-Dimethoxy-p -methylacetophenone (8) '

p -Methylphenylglyoxal (7)(1.21 g, 8.2 mmol) was dissolved in dry
mettlanol (25 mL) undexr an argon atmosphere. Chlorotrimethylsilane (2.3
mL, 18.1 mmol) was added and the solution stirred overnight.

The solvent was removed under reduced pressure and the residue was
‘purified by flash chromatography (4:1 hexanes-ethyl acetate, v/v) which
gave, after evaporation, 1.55 g of the title compound in 98% yield. The
spectral data are;

I.R. (neat) :v =1688, 1562, 1445, 1116, 1061 cm~l.

LH-N.M.R. (CDC13) :6 =2.39 (s, 3H, CHyCgHy), 3.47 (s, 6H, HC(OCHa),),
5.18 (s, lH, HC(OCHs3),), 7.65; 8.03 (ABq, 4H, oms Joqu=8-4 Hz).

M.S.:m/2=180 (2%, MY-CH,), 163 (2%,M'-0CH;), 135 (8%, M'-COOCH,)
121 (29%, 1357-CH,), 119 (25%, MY-CH(OCH3),),
91 (27%, M'-COCH(OGH3)9), 75 (l00%, CH(OCH3)5').

Methyl 2,2;dmthogyphenylacetate (10

-

. Benzoyl formic acid (1.50 g, 10.0 mmol) was dissolved in absolute

* methanol (50 mmol) under a nitrogen atmosphere. Chlorotrimethylsilane

(5.6 mL, 44.2 mmol) was added and the reaction stirred at room temperature
overnight. .

The solvents were removed .n vacug to giv;a 1.80 g of a crude
residue. A quantity of 0,149 g of this residue was submitted to flash
chromatography (9:1 hexanes-ethyl acetate, v/v, -two elutions). The title

¢
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compound (0.096 g, 55% yield) and methyl benzoyl formate (9)(0.051 g, 37%
yield) were isolated. Increasing the reaction temperature, quantity of

chlorotrimethylsilane, or reaction time, did not substantlally alter the
product distribution. Accounting for the recovered methyl benzoyl formate,
which could be recycled, the yield was 93%.

A,mixture of the crude methyl benzoylformate and methyl 2,2-

dimethoxyphenylacetate (40:60) was dissolved in dry methanol under an
argon atmosphere, and then ch‘lorotrimethylsilane was added. After a work-
up as described above, ly-N.M.R. analysis indicated a 1:5 equilibrium
mixture of the two compounds (ester:acetal-ester). Thus, higher isolated
yields are possible when starting with the ester rather than the acid.
Spectral data for the compound are; ‘

I.R.(CCly) :v =1740, 1451, 1432, 1258, 1238, 1192, 1112, 1078 cm~ L,

L-N.M.R. (CCLy) 16 =3.08 (s, 6H, C(OCH3),), 3.50 (s, 3H, COOCH3),

7.1"'7.5 PEm (m’ SHarom)‘
Cy11H1404 calc. C 62.84 H 6.71
(210.2) found 62.95 6.81

Methyl 2,2-dimethoxypropionate  (11)

Methyl pyruvate (0.51 g, 5.0 mmol) was dissolved in dry methanol (25
mL) under a nigro'gen atmosphere. Chlorotrimethylsilane (1.4 mL, 11.0

- mmol) was added and the reaction stirred overnight at room temperature.

The reaction was neutralized with a 5% solution of sodiun methoxide
in methanol to pH 6 (wet alk-acid paper). Most of the methanol was
removed L{n vacuc and ether was added to the reéidue. After filtration
through silica gel and the evaporation of solvents, 0.72 g of the crude

produe’t/ was isolated. A quantity of 0.093 g of the res1due>¢as sukmitted ™"

to flash chromatography (9:1 hexanes—ethyl acetate, v/v) and gave after
evaporation 0.086 g of the title compound in 92% yield.

Alternatively, pyruvic acid (0.44 g, 5.0 mmol) was dissolved in
absolute methanol (25 mu) under a nitrogen atmosphere. Chlorotrimethyl-
silane was added (5.8 mL, 22.0 mmol) and the reaction stirred overnight.

The reaction was neutralized to pH 6 (wet alk-acid paper) with a 5%

solution of sodium methoxide in metl'ﬂisanol. Most of the methanol was
a
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LH-N.M.R. (CDC13) t 5 =1.40 (s, 3H, CH3C(OCH3),),

T RSN R SRR T ORI SRRy m*w e A S S R D

a

ie:’noveﬁ ‘in vacuo and ether added. After flltratlon t:hrough $iTica ge»)\\\’
y N

and evaporatlon of the solvents, 0.67 g of the fltle compound, pure b

G.L. C., was isolated'in 90% yield.

" The reaction may also be worked up by quenching with a 5% aqueous

'SOdiqn bicarbonéte solution and multiple extractions with ether (8 x 50

mL). The ether was washed with water until the volume remained constant
(3 x 10 mL). The combined ether extracts were dried over anhydrous MgSO4s
filtered, and the ether removed .in wacuo. The residue was purified as
above to g‘ive the product in#0% yield. Spectral data for the compound

, are; ‘

I.R. (neat) :- -1748 1440, 1371, 1293, 1214, 1193, 1043 cm -1,

3.14 %S' 6H, c<ocn3)2), 3.65 ppm (s, 3H, COOCH3).
G.C. 5% OV-101 on CHROMOSORB W 100°C

CH3C0CO0CH3 ~ RT=0.70 min. _ |
CH3C(OCH3) 2CO0CH3 - RT=2.27 min.
1,1-Dichloroacetone (12) A

This compound was \preparg‘d following the method of Wyman348. .To
acetone (29.0 g, 0.50 mol) was added sul furyl chloride (135.0 g, 1.00 mol)
under a nitrogen atmosphere, overs 35 min (at a rate which kept the
temperature below 35°C). The reaction was cooled in ice for the first 5

min.

Distillation of the crude product led to extensive decomposition due
to the presence of excess sulfuryl chloride. Therefore, the sul furyl
chloride was removed at room temperature under high vacuum and the residue
was then distilled (45°/53 forr, 1it.}52 117-89C/760 torr) to give 22.9 g
of the pure product in 36% yield. The spectral data for the compound are;

I.R.(neat):V =3483, 3024, 1748, 1426, 1362, 1209, 1154 ani.

" J-N.M.R.(CDCL3) 26 =2.43 (s,\3H, CH3CO), 5.76 pem (s, 1H, CHCly).

i

1,1-Dichloro-2,2~-dimethoxypropane (13)

N
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methénol' (25 mL) under a nitrogen atmoéphere.
‘1L, llO mgl) was added and the solution stlrred overnight.
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1 l-Dichloroacetone (12)(0.64 g, 5.0 mmof) was dissolved in dry -
Trimethylchloroéi lane (1.4

IRy

o

A0

The solution was neutralized to pH 6 (wet alk-acid paper) with a 5%
solution of sodium methoxide in methanol. Ether was added and the
solution filtered, The solvents werxe 'remOVed under reduced pr‘essure.‘
G.L.C. indicated 90% of the final product in the reaction mixture. As ’

ether ‘was again °

€

by s Nl

some sodium methoxide persisted in the crude residue,

added and the solution filtered through silica gel. L
After solvernt removal {n vacuo', 0.38 g of the title compound was

recovered in 44% yield, pure by G.L.C. and 1H-—N.M‘1R..,‘§, Co-evaporation of
the title compound, and methanol probably accounts for

dichloroacetone,
The G.L.C. yield :was 71%. The" spectral

the reduced yield.
characteristics of the compound areq;

> a1 .

BRI 333 oAt i i

I.R. (neat) : v=1381, 1287, 1243, 1174, 1131, 1051, 803 783-
YH-N.M.R. (CDCLq) 2 6 =1.52- (s, 3H, CH3C(OCH3) o), ‘ ;
3.25 (s, 6H, CHyC(OCH3),), 5.70 ppm (s, 1H, CHC13). . )
M.S.in/z=161, 159, 157, (0.4%, 1.4%, 2.0%, M*-CH;), T :k
145, 143, 141, (5%, 30%, 48%, M'=OCH3), 89 (52%, M'-CHCl,), '
43 (100%, CH53CO").
G.L.C.:6' 5% CARBOWAX*20M on CHROMOSORB W, 100°C: 4\ !
CH3COCHC12 RT=0.67 min. . ;
RT=1.57 min. .

CH3C (OCH5) oCHC1, _ .
i

3, 3-Damethoxy-2-butanone (14) . )

¢

2,3-Butanedione (4.30 g, 50.0 mmol) was slowly added (15 min) to a

solution of chlorotrimethylsilane (6.0 mL, 47 mmol) in absollrute methanol " ¥
" only a faint yellow colour persisted

(150 mL) under an argen amosghere.

from the unreacted starting material. o Te , »

. A saturat“ed aqueous solution of NaHCO3 was added and the mixture '
The

extracted with CHZCIZ until no volume change was noted (6 x 100 mL).
.colour of the combined extracts was a deep yellow. To ensure that the

reaction was ca{nplete approximately half of this solution.was added tQ a

¢
!
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mixture of absolute methanol (50 mL) and chlorotrimethylsilane (3.0 mL),

and stirred for 1 h at room temperature. There was no colour change from
the dark yellow and the solution was worked up as above. The Cf12C12 was
distilled from the combined extracts through a Widmer column., The residue
was distilled (b.p. 58°C/28 torr, lit.313 145-69C/760 torr) to give 6.04 g
of the title compouné in 91% vield. Spectral characteristics 6f the
compound are;
I.R. (neat) : V =1730, 1433, 1369, 1353, 1192, 1127, 1042, 883 am~l.
lH-N.M.R.4CDCL3) : 6 =1.38 (s, 3H, CH3C(OTH3),),

2,21 (s, 3H, CH3CO), 3.22 ppm (s, 6H, CH3C(Q9§3)2)f
M.S.:m/z=101 (143, M*-OCH3), 89 (32%, M*-CH3CO),

73 (11%, 89%-CHy), 43 (1008, CH3COM. "
G.L.C.:6' 5% 0V-101 on CHROMOSORB 720, 100°C:

CH3COCOCH3 RT=0.20 min,

CH3COC (OCH3) 20‘!3 RT=0.45 min,
3,3-Diethoxy-2-butanone (15)

2,3-Butanedione (4.30 g, 50.0 mmol) was dissolved in absolute ethanol
(200 mL) under an argon atmosphere. Chlorotrimethylsilane (13.0 mL, 102
mmol) was added and the reaction was stirred for 30 min. At this point,/w

most of the yellow colour of the starting material had disappeared.
It proved impossible to separate the ethanol from the product even by
spinning-band distillation. Therefore, the reaction was quenched with an
excess of NaHCO5-(5% aqueous solution). The ethanol was removed by
extraction with CHoCl, (7x50 mL) until no volume change in the chlorinated
r{e(téf‘l The CH,Cl, was distilled from the combined extracts

using a Widmer column and the residue was further distilled (b.p.
70°¢/23.5 torr, lit.313 163-59C/760 torr) to give 4.78 g of the title
compound 1n 60% yield. The spectral data for the compound are as follows;

layer was

LR, (bet) s v=1729, 1442, 1418, 1388, 1352, 1126, 1048, 953 cu-l.
1H-N.M.R. (CDC13) : § =1.23 (t, 6H, (OCHoCH3), J=7.0 Hz),
1.40 (s, 3H, CH3C(OCHCH3)j), 2.24 (s, 3H, CH3CO),
3.45, 3.51 ppm (gABqQ, OCHRHPOCH;C, J,,=9.0 Hz, J4c=7.0 Hz).
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M.S.:m/z=117 (33%, M*-CH3CO), 115 (19%, M*-cn3m2§),
89 (14%, ll7+-CH2CH2), 87 (59%, 115 "CH2CH2)
61 (100%, 89%-CH,CH,), 43 (84%, CH3CO .
G.L.C.:6' 5% OV-101 on CHROMOSORB 750, 100°C:
CH4COCOCH; RT=0.20 min.
CH4COC(OCHoCH3) oCHy  * RT=0.80 min.
2-Oxononanal (16)
[ 4
Selenium dioxide (15.6 g, 141 mmol) was heated at 80°C in a solution
of water (2.8 g, 156 mmol) and dioxane (85 mL). Nonanal was added (20.0
g, 141 mmol) and the reaction refluxed for 4 h.
The solution was cooled to room temperature and filtered through

“

Celite. After evaporation of the solvents (n vacuo, the residue was
again filtered through Celite and the Celite washed with dioxane. The
dioxane was removed under reduced presgure and the yellow residue was
distilled to give 2.1 g of starting material and 15.5 g of the title
compound (b.p. 76-90°C/l torr), in 70% yield. Accounting for recovered

starting material, the yield was 79%. fhe spectral data for the compound

are;

I.R.(neat): v=2923, 2856, 1731, ‘1459,‘ 1378, 1193, 1117, 1071 cm“l(trirner).
Lh-N.M.R.(DC13): 6=1.87 (t, 3H, CH3ICHp)g, J=4.8 Hz),
1.1-1.9 (m, 10H, CH3(GH%)s), 1.72 (t, 2H, (CH)sCH,CO, J=6.8 Hz),
9.23 ppm (s, 1H, CHO).

1,1-Dimethoxy—2-oxoncnane (17)

2-Oxononanal (16) (9.2 g, 59.0 mmol) was added to absolute methanol
(200 mL) under an argon atmosphere. After 20 min, the yellow colour of
the starting material had disappeared. Chlorotrimethylsilane (20.0 mL,
158 mmol“) was added and the reaction stirred overnight at room
temperature.

?’he green-brown reaction mixture was quenched with a 5% solution of
sodium bicarbonate (500 mL). This was extracted with ether (2 x 250 mL),
wazhed with brine (2 x 50 mL), and the combined extracts dried over

t
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anhydrous MgSO4. The solvents were ®Wemoved under reduced pressure and the
residue distilled to give 3.40 g of a mixture of the starting material and
the title compound, (b.p. 86~92°C/1 torr) and 6.50 g of the pure campound _
(17) (b.p. 92-106°C/1 tofr). The total yield was 76% (9.56 g, 45.1 mmol).
The yield after accounting for :t:overed starting material was 79% but the
isolated yield was only 52%. The spectral data for this compound are as

»

follows;

I.R.(neat):v =2920, 2861, 1729, 1471, 1403, 1376, 1349, 1338, 1213, 1191,
1068, 991, 953, 909 am™ L.
l4-N.M.R. (CDCL5) :6 =1.87 (t, 3H, (CHy)CH3, J=5.5 Hz);
1.1-1.9 (m, 10H, OCCH,(CHy)gCH3), 2.55 (t, 2H, OCCHp(CHp)s, J=6.2 Hz),
3.41 (s, 6H, HC(OCH3),), 4.43 ppm (s, lH, CH(OCH3) ). b
M.S.:m/z=127 (9%, M*~CH(OCH3),), 75 (100%, CH(OCH3),").

Camphorquinone (18)
'(2,3-dioxo-1,7,7-trimethyl-(2,2,1] -bicycloheptane)

Selenium dioxide (11.0 g, 99.1 mmol) and water (2 mL, 111 mmol) v‘iere ’
heated to reflux in dioxane (60 mL). Camphor (15.0 g, 98.6 mmol) was
added and the reaction refluxed (methanical stirring) for 30 h. Several
colour thanges from yel low, red to dark brown ensued. The solution was
allowed to cool to room temperature and was filtered through Celite to
remove precipitated selenium metal.

The sol vents were removed under reduced pressure and redissolved in a
minimum of §thyl acetate, refiltered through Celite, and a red precipitate
was separated from a yellow solution. The yellow solution was evaporated
to dryness and recrystallized fram ethanol-water. Unfortunately, a mishap
caused about half of the product to be lost permanently and only 4.6 g of
a yellow crystalline materialv was isolated. The crystals were sublimed
under low vacuum and mild heating (30 torr, <50°C) to 'give 4.4 g of the
product contam’inated with camphor. The residue was purified by flash
chromatography (19:1 hex¥eS-ethyl acetate, v/v) to give 4.1 g of pure
camphorquinone in 25% yield as yellow crystals (m.p. 200°C, 1it,346
199°C) . 'I‘he‘spectral data for the compound are;
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. T.R. (CHC14) v =2959, 1770, 1245 cu-l.

lh-N.M.R. (ODC13) 1 6 20.92 (s, 3H, CHy@-CT-CH3D),
1.05 (s, 3H, CH32-C7-CH3®), 1.12 (s, 3H, CH3C-Cl),
1.2-2.4 (m, 4H, CHyCHj), 2.62 ppm (m, 1H, HC4CO).
M.S.m/z=166 (38%, M), 138 (47%, M'-CH,CHp), 123 (43%, 138%-CHj),
110, (228, M"-COCO), 95 (100%, 110%-CHy),
83 (74%, 95%-Ci3, 123%-2 x CHy), 69 (91%, 95%-CHy), 67 (95%-CHyCHy)-

3,3-Dimethoxycamphor (19)

Pure camphorquincne (18)(0.040 g, 0.241 mmol) was dissolved in dry
methanol (15 mL) under an argon, atmosphere. Chlofotrimethylsilane (0.07
mL, 0.55 mmol) was added and the reaction stirred at room temperature
overnight. The yellow colour of the starting material disappgared within
10 min. ‘

The colourless solution was extracted with hexanes (3 x 50 mL). A
10% aqueous sodium bicarbonate sclution (20 ml) was added to the methanol
layer ‘and this was further extracted with hexanes (2 x 50 mL). The latter
fractions were dried over anhydrous NaySO4 and fi ltered. The combined ”
fractions had the solvents remaved «n vacud to give 0.043 g of the
title compound in 84% yield. The product, as shown by ‘H-N.M.R. was an’
iﬁseparable mixture of the 3- and 2-dimethyl ketal in a ratio of 83:17.

I1f the reaction was simply worked up by extraction with ether or
methylene chloride, followed by washing with aqueous bicarbonate solution,-
only the starting camphorgquinone was isolated. Before work-up, T.L.C.
analysis of the reaction showed the presence of the camphorquinone ketal

</i?1‘“1\arge quantity. Extraction with hexanes eliminated this problem. The

spectral characteristics of the compounds are;

I.R. (caci3>:v=1756, 1451, 1371, 1303, 1210, 1131, 1067, 1029 cm™l.
3-dimethyl ketal (83% relative proportion)
LH-N.M.R. (OCL) 15 =0.86 (s, 3H, C1-CH;S),

0.94 (s, 3H, CH33-C7~CH4Py7 0.95 (s, 3H, CHs -c7-r*_H_3b)

1.5-1.8 (m, 4H, CH,CHy), 2.0-2.1 (m, 1H, HC4C(OCHs),),

3.20 (s, 3H, OCHy gpgo) s 3-30 pom (s, 3H, OCH3 ayo)-




o~

2-dimethyl ketal (17% relative proportion)
1H-N.M.R. (0C14) : 620.86 (s, 3H, C1-CH;),
1.03 (s, 3H, CH33-C7-CH3P), 1.05 (s, 3H, CH;2-C7-CH;P),
1.5-1.8 (m, 4H, CHyCH,), 2.66 (t, LH, HC4C(OCH,4) ),
3.25 (s, 3H, OCH3 gngo)s 3-40 PPm (S, 3H, OCH3 ox0)-
M.S.m/z=212 (0.6%, M%), 184 (1s%, M*-cH,CH,),
181 (13%, M*-OCH5), 153 (6{, 184%-0CH3), 101 (100%, C4Hg03%).

»
Methods B, C and D : :

[

2-Phenyl-1,3—dioxolane (20)

Benzaldehyde (0.53 g, 5.0 mmol) was dissolved in a solution of
ethylene glycol (3 mL) and absolute methanol (25 mL) under a nitrogen
atmosphere. Chlorotrimethylsilane (1.4 mL, 11.0 mmol) was added and the

reaction stirred overnight at room temperature.

The solution was ne‘zutralized to pH 6 (wet alk-acid paper) with a 5% .

salution of sodium methoxide in methanol. Most of the methanol was
removedr under reduced pressure and‘the residue was filtered through
Celite. The remaining volatile compounds were removed /(n vacuo - The
ethylene gly"COI solution was subjected to preparative H.P.L.C. (4:10
hexanes~ethyl at:etat:é, v/v) togive 0.46 g of the title compound in 64%
yield. . ' ‘ | *
Alte}:natively, benzaldehyde (0.53 g, 5.00 mmol) was dissolved in a
solution of dry ethylene glycol (3 mL) and methylene chloride (25 mL)’
under a nitrogen atmosphere. Chlorotrimethylsilane (2.8 mL, 22.0 mmol)

was added and the reaction stirred at reflux overnight. The reaction was

not complete and so a further 1.4 mL of TMSC1 was“ added and the reaction

refluxed for 24 h, R
The reaction was quenched with a 5% aqueous solution of sodium

bicarbonate. The solution was then extracted with ether (2 x 75 mL),
washed with brine (3 x 40 mL), and the combined organic extracts were
dried over anhydrous MgSO4. The solvents were removed An vacuo , to
give 0.60 g of crude residue. A guantity of 0.158 g of the residue was
submitted to flash chromatography .(10:1 hexénes—ethyl acetate, v/v, two
elutions) and°gave, after e‘vaporation, 0.153 g of the title compound in

Y
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77}? yield.
Several other preparations were attempted using similar regction
corditions. These other conditions; t)
1) CgHgCHQ, 1 eq.; HOCH,CHLO0H, 10 eq.; (CH3)3SiCl, 2.2 eq.;
solvent, (40 -propanol.
2) CgHgCHO, 1 eq.; HOCH,CHoOH, 10 eq.; (CH3)3SiCl, 2.2 eq.;
solvent, methylene chloride, reflux.
3) CSHSCHO, 1 eq.; HOCH,CHZ0H, 15 eq.; (CH3)3SiCl, 4.4 eq.;
solvent, methylene chloride, reflux.
4) CgHgCHO, 1 eq.; HOCH,CHOH, 15 eq.; (CH3)3SiCl, 6.6 eq.;
solvent, methylene chloride, reflux. .
5) GEHGCHO, L eq.; (CH3)3SiCl, 4 eq.; solvent HOCH,CH,OH,
roam temperature or 100°.
led t: incomplete reactions (never greater than 70% by G.L.C.). The

spectral data are as follows; :

I.R. (neat) :v =1456, 1393, 1315, 1222, 1093, 1069,1039, 968, 944,
918 am~ 1.
l4-N.M.R. (CDCL5) : §=4.03 (bs, 4H, OCH,CHZ0), L
5.77 (m, 1H, CH(OCH,CH,0)), 7.1-7.6 ppm (m, SHayom) -
G.L.C.:5% CARBOWAX 20M on CHROMOSORB W, 150°:
CgHgCHO RT=0.77 min.
C6H5CH(OCH2CH20) RT=2.27 min.

2-Methyl-2-phenyl-1,3-dioxolane (21)

Acetophenone (0.60 g, 5.0 mmol) was dissolved in ethylene glycol (25 i

mL) under a nitrogen atmosphere. Trimethylchlorosilane (4.2 mL, 33.0
mmol) was added and the reaction stirred overnight at room temperature.
The reaction was quenched with a 5% aqueous sodium bicarbonate
solution and extracted with ether (2 x 75 mL)., The combined extracts were
dried over anhydrous MgSO,. After filtration through Celite, the ether
was removed under reduced pressure. The solution was suspended in
methanol and 0.12 g of pure title compound crystallized out. The
remainder wasufiltered through silica gel, V?Jith hexanes as solvent, to

yield after evaporation, 0.52 g of a crystalline compound pure by G.L.C..
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The total yield was 0.64 g (78%).
The,/mixed mSIting point of the two crystalline materials was

identical with the individual melting points (m.p. 61°C, 1it.156 610¢)).
!

\ The spectral characteristics of the compound are;

I.R.(CCl,) :v =1436, 1367, 1217, 1201, 1190, 1023 am L.
lyN M. R. (CDC15) : § =1.66 (s, 3H, CH3), 3.6-4.2(m, 4H, OCH,CH,0),
y  7-1-7.6 ppm (m, SHapop).
M.S.:m/z=149 (100%, M"-CH4), 105 (91%, M*-OCH,CH,CH3),
87 (34%, M*-CgHg), 77 (70%, CgHs™).
G.L.C.:6" 5% Oy-101 on CHROMOSORB 750, 1500C:

CgHsg 3 RT=0.43 min.
CgHsC( 20)CH3 RT=0.65 min.
° ' J
a —Chloroacetophenone (22) .
3 -

Acetophenone (24.0 g, 0.20 mol) was dissolyed in glacial acetic acid

(10Q mL). Chlorine gas (dried by passing through concentrated H,S04) was
~ bubbled through the solution. The temperature was kept below,30°C by
cooling with an ice-bath. )

After 1 h, the yellow solution was poured onto 1 kg of ice. A flaky
white precipitate was isolated by filtration and was air dried. After
recrystallization from ~hexanes»ethyl acetate, 14.03 g of the crystalline
title compound (m.p. 54-55°C, 1it.346 55.6°C) was isolated in 52% yield.

The spectral data are; ¥

I.R.(CCLy) : v=1692, 1543, 1448, 1280, 1203 am~L.
7.2-7.5, 7.7-8.0 ppm (M, 5Hapom). .
M.S.:m/z=156, 154 (1%, 2.5%, M*), 120 (20%, CgH50CH1™) /
w
105 (100%, CgHsCO%) , 77 (773, CgHst).

2-Chloramethyl-2-phenyl-1,3-dioxolane(23) =«

®

a-Chloroacetopher;one (22) (0.83 g, .5.4 mnol) was dissolved in dry
ethylene glycol (25 mL) under a nitrogen atmosphere. Trimethylchloro-~
3

184

.o

B e R T E VR RV S P e )

N fg e e



%,

& .
/ ﬂ
¢

1

silane (2.8 mL, 22.1 mmol) was added and the reacéion stirred overnight at

room temperature. n

The reaction was quenched\\,with a 5% aqueous sodium bicarbonate ‘

solution and extracted with etheq! (2\x 75 mL). After drying the combined
extracts over anhydrous MgSO, and filtration through Celite, the: ether
was removed 4n vacuo to yield 1.08 g of a grude precipitate. The
compound was recrystallized from methanol to give 0.29 g of the pure
crystalline material (m.p. 90°C) and 0.79 g of a crystalline material
shown to be 98% pure by G.L.C.. The yield of the combined crystallipe
materials was 99%. The spectral characteristics of the campound are;
I.R.(nujol mull):v =1446, 1375, 1222, 1180, 1171, 1017 cm~l.
1y N.M.R. (CDCL3) 26 =3.75 (s, 2H, CHoCl), 3.6-4.4 (m, 4H, OCHaCH,0),
7.2-7.7 ppm (m, SHg, qn) .
M.S.m/z=149 (100%, M'-CH,Cl), 105 (813, CgHsCO", 77 (58%, CgHg™.
G.L.C.:6' 5% OV-10l on CHROMOSORB 750, 150°:
CsHsC(OCHzCHzO)CHzCl ‘RT=5.22 min.

2-Dichloramethyl-2-phenyl-1,3—dioxolane (25)

~

| To ia -dichloroacetophenone (24)(0.95 g, 5.0 mmol) dissolvedrin dry
ethylene glycol (25 mL) under a nitrogen atmosphere, was added chloro-
trimethylsilane (1.4 mL, 11.0 mmol). The reaction was stirred overnight
at roam temperature. —

The reaction was quenched with a 5% aqueous sodium bicarbonate
solution and extracted with ether (2 x 75 mL). The ether extracts were
dried over anhydrous MgSOs, and the combined extracts had the ether
removed under reduced pressure to give, after filtration, a crystalline
product (1.32 g). A é;uantity of 0.130 g of the crude material was
submitted to flash chromatography (9:1 hexanes-ethyl acetate, v/v) to
give 0.116 g of the pure dioxolane in essentially quantitative yield (m.p.
58.5-59°C, 1it. 158 59-61°C). The spectral data for the compound are;
I.R.(nujol mull):v =1301, 1210, 1141, 1021 an~l, )
1H-N.M.R. (CDC13) : §=3.9~4.6 (m, 4H, OCH,CH,0), 5.8 (s, 1H, CHCl,),

7.2-7.9 ppm (m, SHarom)°
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M.S.m/z=149 (100%, M*-CHCly), 105 (78%, ChisCOh), 77 (533, CgHs™.
G.L.C.:6" 5% OV-101 on CHROMOSORE W, 150°C:

CgH5COCHCL 5 RT=1.40 min.

CgHsC (OCHCH20) CHC1 2 RT=3.57 min.

Dioxaspiro—-(4,5) -decane (26) . [/-’

Cyclohexanone (0.52 g, 5.3 mmol) was dissolved in a mixture of
dry ethylene glycol (3.0 mL, 54.0 mmol) and absolute methanol (20 mL).
Chlorotrimethylsilane (1.4 mL, 11.0 mmol) was added and the reaction
stirred for 16 h at roan temperature.

The’'mixture was n%utralized to pH 6 (wet alk-acid paper) using a 5% (

solution of sodium methoxide in methanol an§ the solvent were removed .n
vacuo. The resjdue was dissolved in \ her, filtered through coarse
silica gel (59g), and the silica gel washed with ether (2 x 10 mL). The
ether was then removed ‘under reduced pressure. The‘ crude prqduct was
submitted to flash chromatogtaphy (10:1 hexanes-ethyl acetate, v/v) to
give 0.63 g of the title compound as a colourless oil in 83% yield.

.-~ Alternatively, cyclohexanone (0.57 g, 5.2 mmol) was dissolved in dry
ethylene glycol (25 mL) under a nitrogen atmoéphere. Trimethylchloro-
silang (1.4 mﬁ, 11.0 mmol) was added and the reaction stirred at roém
tanperiture overnight. »

The reaction was quenched by the addition ofra 10% agueous sodium
carbonate solution. This mixture was extracted with ether (2 x 50 mL) and
the combined extracts were dried over anhydrous MgsO,.’ After filtration,
the ether was removed under reduced pressure. Purification by flash

chromatography (10:1 hexanes-ethyl acetate, v/v) led to the title compoux}i\’

{0.35) in 48% yield. The G.L.C. yield of the reaction was 95%. The
spectral data of the compound are; )

I.R.(neat):Vv =2943, 2864, 1447, 1366, 1335, 1284, 1164, 1102,
1036 an~l. , '

1hN.M.R. (CDCL3) 16 =1.58 (bs, 10H, -(CHy)g-),
3.90 pom (s, 4H, OCH,CH,0).

M.S.:m/z=142 (3%, M%), 113 (6%, M'-CHyCH3), 99 (74%, Mi GaHy),
86 (23%, M'-C4Hg), 55 (43%, C4Hyh), 43 (100%, CyHy™).

g
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G.L.C.:6" 5% CARBOWAX 20M on CHROMOSORB W, 150°C: i
-00(CHy) 5~ RT=0.53 min. '
£ (OCH,CH,0) (CHy) 5= RT%1.03 min.

2-n -Octyl-1,3-dioxolane (27)

-1

Nonanal (0.71 g, 5.0 mmol) was suspended}im vigourous s?irring in

! .dry methanol (25 mL) and dry ethylene gIycol (3 ml) under a nitrogen

atmosphere. Trimethylchlorosilane (1.4 mL, 11.0 mmol) was added and the
solution stirred overnight. .

Neutralization to pH 6.0 (wet alk-acid paper) was accomplished with a
65% solution of sodium methoxide in methanol. The solution showed 3% of
the starting materia}, as detem}ned by G.L.C.. The methanol was removed
under reduced pressure a}nd ether added. The solution v(as filtered through
Celite and the ether removed under reduced pressure. The dioxolane, which
remained dissolved in ethylene glycol, was purified using preparative
H.P.L.C. (10:1 hexanes-ethyl acetate, v/v) to give 0.60 g of the pure
dioxolane in 64% yield. . _— .

The same reaction conditions using % different work up gave an
improved yield, The reaction was neutralized with a 5% solution of sodium
methoxide in methanol to pH 6 (wet alk-acid paper). The methanol was
removed in vacuo. The residue was distilled (b.p. 117-135°C/14 torr,
1it.161 141-2/40 torr) using a Kugelrohr apparatus to yield a compound 98%
pure by G.L.C.' analysis. The yield is essentially quantitative giving
0.95 g of the slightly impure product. The spectral data arﬁ\;
I.R. (neat): v=2925, 1467, 1408, 1144, 1122 an"l.

YH-N.M.R. (CDCl3) : 6 =0.86 (&, 3H, CH3(CHp)gq, J=5.5 Hz),
1.1-2.0 (m, 14H, CH3(CHp)7), 3.7-4.1 (m, 4H, OCHCH0),
4.82 ppm (t, 1H, HC(OCH,CH,0)CHy, J=4.3 Hz).
M.S.:m/z=185 (1%, M*-m), 141 (1%, M*-CH3CH,O),
73 (100%, CH3CH,CHCHp0"), 57 (13%, CH3CHuCHCHpY),
43 (248, CH3CH,CHy"). ..
G.L.C.:6' 5% CARBOWAX 20M on CHROMOSORB W, 150°cC:
CH+ (CHy) 7CHO RT=0.60 min.
CHB(CH2)7CH(OCH2CH20) R’I;=l.l2 min. %

A
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2-Methyl-2-(2'methyl-1’,3'-dioxolane)<1,3-dioxol ane (28)

4 —
Diacetyl (0.43 g, 5.0 mmol) was dissolved it a solution ,of
ethylene glycol (0.61 mL, 11.0 mmol) and methylene chloride (25 mL) under
& nitrogen atmosphere. Trimethylchlorosilane (2.8 mL, 22.0 mmol) was
added and the reaction stirred overnight. The yellow colour of the

starting material disappeared within 40 min.

The reaction was gquenched with a 5% agueous bicarbonate solution and
extracted with ether (2x75 mL). The combined extracts were dried over
a;xhydrous MgsOo, and the ether removed, after filtration through Celite,
under reduced pressure to give 0.83 g of the title compound in 95% yield
(m.p. 89°C). A single recrystallization from hexanes improved the m.p. to
90°C (1it.162 g0oc),

Several attempts were made to isolate the monodioxol ane. \"I‘he
reaction was performed under the following conditions.

1) 0.050 mol 2,3-butanedione, 150 mL anhydrous

tetrahydrofuran, 0.018 mol ethylene glytol. .

2) 0.050 mol 2,3~butanedione, 150 ml anhydrous

tetrahydrofuran, 0.044 mol ethylene glycol.
3) Reaction 1 but 4 -propanol as solvent.
4) Reaction 2 but 440 -propanol as solvent.
The reactions followed a thermal gradient from -78° to 0°C. At the
coldest temperature tested, -78°C, there was o observable rghction. At -
60°C, G.L.C. analysis indicated the presence of the b.{is -didxolane and a
new peak of intermediate retention time between the starting material and
the bis-dioxolane. It is suspected that this is the monodioxolane (2-
acetyl-2-methyl-1,3-dioxolane). At -42°C, the intensity of this peak was
substantially reduced, and at -25°C it was no longer present. -This was
true for all of the reaction conditions used. The relative concentration
of the starting material was not determined (because at the G.L.C. oven
temperature used, ‘the peak for this compound was coincident with the
solvent peak), but the relative intensities of the two product peaks are

shown below.
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Temperature (°C) monodioxolane (?) b4 & -dioxolane
-78 ) 0 0
~60 79 ' 21
-42 17 83
-25. 0 100

The reaction was quenched with a variety of bases in an attempt to
isolate the elusive monodioxolane. ﬁs-ing aqueous NajSOy4-/ methanolic
NaOMe, or NaH in reactions 1 and'2, lH-N.M.R indicated the possibility of
the existence of this product only if the spectrumn was taken mmedlately
after quenching. Otherwise it rapidly dissociated into a mixture of the
starting materials and the bls-~dioxolane. As a result, the compound was
never isolated nor was its structure ever really determined. 1Is is
interesting to speculate that one of the compounds in the reaction
mixtdr.’@?> the 2,3-butanedione, the monodjoxolane or the b4 -dioxolane, is

acting as an acidi&catalyst. The spectral data are 'as fol lows‘;
I.R. (CCly) : v=2965, 2881, 1450, 1372, 1279, 1261, 1195, 1142,
1110, 1092, 902 an~l. i
L4-N.M.R. (CDCLy) : 6=1.42 (s, 6H, [CHC(OCHCHR0) 2]7)
3.4-4.2 pm (m, 8H, [CH3C(OCHCHy0)2]2)-
M.S.:m/z=114 (1%, M"-OCH,CH,0), 87 (27%, M'-C(OCH,CHy0)CHj),
" 73 (36%, HC(OCH,CH,0)*), 43 (100%, CHyCO").

G.L.c.:s'oz(jaam 20M on CHROMOSORB W, 150°C:
CH4C 3 RT=0,25 min. g

CH3COC (OCH,CHO) CH3 RT=1.06 min.
[CH3C(OCH2CH20) 2]2 RT=1.42 min.
Cyclohexenone-ketal

Cyclohexenone (0.48 g, 5.0 mmol) was dissolged in four different
solvent systems as listed below. Chlorotrimethylsilane was added (1.4 mL,
11.0 mmol) to each system and the reaction stirged at the listed
temperature ovemightb

1} solvent, methanol, 25 mL; room temperature, -
2) solvent, methanol, 25 mL; reflux. /
.‘!\ (
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3) solvent, ethylene glycel, 25 mL; room temperature.
£ 5 P 4) . solvents, methanol, 25 nL, etliylene glycol, 3 mL; )
reflux. ’

Edch reaction was quenched with a 5% aqueous sod ium blcarbonate
solutlon or with Amberlyst A2l (dlmethylamuie) resin. G.L.C analgs:.s of
tt}e ensuing residues indicated products which-appeared to correlate to the

pected products (1,l-dimethoxycyclohex-2-ene or 1,l-ethylenedioxycyclo-

hex-2-ene). That is, peaks were observed which had higher retention times
than those of the starting materials. ,

. ’ . OComplex reaction mixtures were retrieved from conditions 2,3 and 4.

However, from reaction 1 the lH-N.M.R. spectrum of the crude reaction

. mixture was revealing. No olefanlc protons were observed, and in

-

addition, 'ehree peaks ascribable to CH30 were present It is tempting to
> suggest 1,1,3-trimethoxycyclohexanone as. a possible product.
Unfortunately, all attempts to- isolate this product by Kugelrohr
distillation or chromatography failed to ,yleld any 1dent1f1able product.
'I‘hus, the exper;ment was cons:.dex:ed a failure.
A b
5 : Reaction 1: B
LH-N.M.R. (CDCL5) ¢ 6=0.9-2.9 (m, 24.5H, -(CHp)3C3(0CH;O)CHSC-,
plus polymeric products), 3.15 (s, 3H, Q_I-I_3aOC10CH3b) ,
3.22 (s, 3H, CH;0C10CH;P), 3.34 (s, 3H, HCIOCH;®),
3.65 ppm (s, 1H, HC(OCH;®). -

G.L.C.:6' 5% OV-101 ori CHROMOSORB 750, 100°C: ’
(CH3) 3SiCL RT=0.61 min.
-(CHy) 3CH=éHC0— , RT=0.80 min.
" - (CHp) 3CH(OCH3) CHyC (OCH3) 3= .(?)  RI=1.65 min. o
Reaction 2:
G.L.C.:6' 5% OV-101 on CHROMOSORB 750, 100°C: .
(CHg) 3SiCl RT=0.54 min.
- - (CH,) 3CH=CHCO- RT=0.75 min.
te unknown RT=3.23 min.
‘ G.L.C.:6' 5% CARBOWAX 20M on CHROMOSORB W, 150°C:
/4‘”; Reaction 3: i
= (CHg) 3CH=CHCO~ RT=0.75 min. 4
- HOCH,CHoOH RT=1.24 min.
G // \\ ‘
. { \ : - {
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unknown ) RT=1.62 min.
unknown RT=1.90 min.
Reaction 4: ' Y
- (CH,) 3CH=CHCO- RT=0.76 min.
HOCH,CH50H RT=1,03 min, )
unk RT=1.44 min. T /
unkno! RT=2.60 min.
° @
2-Methyl-3- (2'-hydroxyethanoxy) ~cyclopent-2-enone (30) \,\_/

2—Methy1-l,3—cycl.opentanedios(ﬁ) (0.56 g, 5.0.Mmol) was dissolved
in methylene chloride (30 mL) under an argon atmosphere. Ethylene glycol
(3.0 mL, 54.0 mmol) and chlorotrimethylsilane (1.4 mL, 11.0 mmol) were
added and the reaction stirred at room temperature for 482h, By T.L.C.,
after 23 h, only more polar compounds were detected.

-The reaction was quenched with a 5% aqueous solution of Na,CO;. The
solution was extracted with ether (2 x 50 mL), washed with brine (2x10 mL)
and(&e combined extracts were dried over anhydrous MgSO, and gave 0.53 g
of a crude crystalline material (m.p. 80-2°C) after evaporation.

A quantigy‘ ofno.Jl087 g was submittgd to mesh chromatography (2
elutions, 92.5:7.5, hexanes-ethyl acetate, v/v) to give 0,0624 g of the
crystalline title compound (m.p. 80-2°¢) in 39% yield. In addition,
another compound was isolated (0.0067 g) wﬂich eluded identification. The

spectral characteristics of the compounds are as follows; !

Compound 30

"I.R.(CHCly) :v =3691, 3488, 1683, 1625, 1392, 1336 an~l.

LH-N.M.R. (CDC13) 6 =1.63 (s, 3H, C=CCH3), 2.44 (t, 2H, CHCH,CO, J=4.7 Haz),
2.67 (m, 2H, CH,CH,CO), 3.18 (bs, 1H, CHyOH) ’
'3.94_(t, 2H, OCH,CH,OH, J=4.4 Hz),

 4.30 ppm (t, 2H, OCH,CH,OH, J=2.2 Hz).

M.S.om/z=156 (963, M%), 112 (57%, M'-CH,CH,0), 83 (70%, CHCH,COCCHy).

Unknown Compound

I.R.t,(CHCl3):\J =3361, 1295, 1191, 983 am™1.

1H-N.M.R. (CDC13) : 6 =2.63 (s, nH), 2,67 (s, nH).

M.S.:m/z=219 (3%), 203 (1%), 179 (57%), 135. (98%), 99 (60%), 92 (59%).

o 3
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2,3-Ribofuranose monoacetonide (32)

X

+

- .

Ribose (0.299 g, 1.99 mmol) was suspended in acetone (20 mL) and
methanol (10 mL) under a nitrogen atmosphere. Chlorotrimethylsilane (1.1
mL, 8.7 mmol) was added and the reaction was stirred for 10 min.

The solvents wefe removed in vacuo to give 0.585 g of a crude
residue, A gquantity of 0.075 g was submitted to flash chromatography (1:1

exanes—ethyl acetate, v/v). After evaporation of the solvents, 0.035 g
o re acetonide was iso}’ated in in 72% yield. The spectrall data for

this’ compound are;

I.R.(CHClq):\ =3392, 1454, 1372, 1208, 1157, 1063 an<l.

LH-N.M.R. (CDCL3) 16 =1.41 (s, 3H, CH3®-C-CH3") s
1.60 (s, 3H, CH;2-C-CH3P), 3.77 (d, 2H, HyC5, J4 5=6.4 Hz),
4.27 (bs, 1H, C50H), 4.47 (m, lH, CAH), -
4.63 (3, 1H, C3H, J, 3=5.8 Hz), 4.84 (d, 1H, C2H, J3 ,=5.8 Hz),
5.43 (bs, 1H, C1OH), 5.47 ppm (s, 1H, C1H).

13C-N.M.R. (CDCLg) : =24.17 (HACBC6), 26.29 (HCTC6), 63.46 (C5H,OH),
81.59 (C30), 86.71 (C20), 87.63 (C40), 102.73 (C1OH),

112.12 ppm (C7H,C6CBHs).

1,2~ 440 ~Propylid meglucofuraﬁose (33)

(1,2-glucofuranose acetonide)

Glucese (1.8 g, 10.0 mmol) was suspended in acetone (175 mL) and
methanol (50 mL) under a nitrogen atmosphere. Chlorotrimethylsilane (5.0

mL, 53.8 mmol) was added and the reaction stirred for 20 h at room

temperature. \

The solvent was removed under reduced pressure to éive a white
amorphous -solid. Recrystallization from ether gave 0.933 g of pure
crystalline (mp. 159-60°C, 11t.137 160-19C) title compound and left 0.962
g of "crude" material which sh—owed only one spot on T.L.C. and was also
pure ,by/rH—N.M.R.. *The overall yield was 86%. A mixed melting point of
the "crude" and pure materials was identical with the individual méltmg
points. The spectral characteristics of the compound are;
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I.R.(nujol mull):v =3439, 3312, 1222, 1162, 1084, 1063, 1039,
1009, 959 a1,
1H-N.M‘R-(D20:CD3OD 1:1, v/v):6 =1.36 (s, 3H, _Cﬁ3a-C-CH3b),
L 1.52 (s, 3H, CH33-C-CH3P), 3.6-3.9 (m, 2H, C6H2),
3.9-4.2 (m, 2H, C4H + C5H), 4.26 (d, 1H, C3H, J3 4=2.2 Hz),
4.52 (d, 1H, C2H, J,1=3.8 Hz), 4.79 (bs, 3H, 3 x OH(HOD)),
5.91 ppm (d, 1H, ClH, J) ,=3.8 Hz).

2',3'- <40-Propylidineuridine (34)

(2',3'-uri1dine acetonide)

Uridine {0.171 g, 92.70 mmol) was suspended 1n acetone (15 mL) and
metnanol (5 mL) under a nitrogen atmospnere. Cnlorotrimethylsilane (0.2
mL, 1.6 mmol) was added ;';md the reaction was stirred for 40 min at room
temperature.

The solvents were removed under reduced pressure and gave, after
pumping at high vacuum, 0.211 g of a white foam. A gquantity of 0.047 g of
_the crude residue was submitted to flash chromatography (3:1 hexanes-ethyl
acetate, v/v) to give after evaporation 0.039 of the crystalline title
compound (m.p. 163-4°C, 11t.138 1620C) 1n 88% yield. The spectral data

for the compound are as fol lows;

I.R.(nujol mull):V =3304, 3242, 1702, 1664, 1284, 1273, 1244,
1213, 1159, 1119, 1074 an~l.

H-N.M.R. (dg-acetone) : § =1.35 (s, 3H, CH3®-C-CH;P),
1.89 (s, 3H, CH33-C-CH3D), 3.74 (@, 2K, HyCS', J4,5=3.8 Hz),
3.5-3.8 (m, 2H, NH + OH), 4.0~4.3 (m, 1H, C4'H),
4.7-5.0 (m, 2H, (CHs3),C(OC2'H) (OC3'H)),
5.60 (3, 1H, N-CH=CH-CO, J=7.8 Hz), 5.82 (d, 1H, Cl'H, J=2 Hz),
7.78 pm (d, 1H, N-CH=CH-CO, J=7.8 Hz).

1,2,4-Butanetriol-2,4-acetonide (35)

—

l,2,4-Butanetriol (0.45 g, 4.3 mmol) was suspended at room
temperature in acetone (250 t{L) under an argon atmosphere. The reaction

was cooled to -90°C and chlorotrimethy;silane was added (2.0 mL, 15.8
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mmol) .

After 2 h, the reaction mixture was brought to pH 8 (wet alk-acid
paper) with a 3% solution of sodium methoxide in methanol. The solvents
were removed (n vacuo and the residue was suspended in & minimum of
methanol, diluted with ether, and filtere/d through silica gel, to yield
after evaporation 0.742 g of the title compound mixed with 17% of the
dioxolane (36), in 91% overall yield. If the reaction was guenched with
an aqueous base, very much lower yields were realized. The spectral data

of the dioxolgne are;

I.R. (neat) : V =3422, 1380, 1271, 1234, 1193, 1162, 10994969 cm-1l.

1H_N.M.R. (CDC13): 6 =1.40 (s, 3H, CH32-C-CH3®).
1.48 (s, 3H, CH33-C-CH3P), 1.5-1.9 (m, 2H, ROCH,CH,),
2.72 (bs, 1H, OH), 3.4-4.1 ppm (m, 5H, ROCH,CH,CH(OR)CH,OH) .

1,2,4-Butanetriol~1,2-acetonide (36) N

1,2,4-Butanetriol (0.85 g, 8.2 mmol) was dissolved in acetone (250 mL
at room temperature under an argon atmosphere. Chlorotrimethylsilane (3.0

'mL, 23.7 mmol) was added and the reaction was stirred for 4 h.

The reaction mixture was brought to pH 8 (wet alk-acid paper) with a
5% solution of sodium methoxide in methanol. The solvents were removed {n
vacuo and the residue was suspended in a minimum of methanol, diluted
with ether, and filtered through silica gel. After evaporation, 0.676 g
of the title compound, mixed with 10% of the dioxane (35) was isolated in
an overall yield of 57%. If the reaction was guenched with an aqueous
base, very much lower yields were realized.

Alternatively, 1,2,4-butanetriol (0.364 g, 3.5 mmol) was dissolved in

.acetone (50 mL). p-Toluenesulfonic acid (25.0 mg, 0.13 mmol) was added

and the reaction stirred at room temperature' under an argon atmosphere for
4 h. ’

The reaction was quenched witt3 a 5% aqueous NaHGCO; solution (éo mL),
extracted with ether (2 x 70 mL), washed with brine (2 x 10 mL) and the
combined extracts were dried over Na,S0,. After removal of -the solvents
under reduced pressure, 0.200 g of the title compound, contaminated with
10% of the dioxame (35)'was isolated in 39% overall yield. The spectral

v
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data of the dioxolane are;

I.R.(neat): v=3361, 1380, 1235, 1159, 1095 cm™L.

MH-N.M.R. (CDC15) s 6=1.37 (s, 3H, CHy%-C-CH3®)/
1.43 (s, 3H, CH39-C-CH3®), 1.83 (q, 2H, OCH,CHoCH, J=6.0 Hz),
3.60 (dd, 1H, ROCH2HPCHC (OR)CH,, J p=7.6 Hz, J5c=1.6 Hz),

=7 3.81 (t, 2H, HOCHp, J=5.7 Hz),

4.09 (34, 1H, ROCHPHACHC(OR)CH,,J,,=7.6 Hz, Jpe=6.0 Hz),
4.28 ppm (pent, 1H, ROCH,CH(OR)CHy, J=6.0 Hz).

Preparation of the 3,5-Dimitro tes of tne Acetonides of 1,2,4-

Butanetriol

To confirm the identity of the acetonides (35) and (36), the 3,5-
dinitrobenzoate es'ters were synth'esized. To a solution of 3,5~
dinitrobenzoyl chloride (120 mg, 36.2 mmol) and N,N-dimethylaminopyridine
(20 mg, 0.40 mmol) 1n anhydrous trietpylamine (30 mL) was added (35)(34.9
mg, 0.24 mmol) at room temperatureh}nder an argon atmosphere. Tne
reactlion was stirred for 48 h (the reaction turned a dark brown colour
within 3 h).

The rea%tion was guenched with a 5% agueous solution of NaHCO3,
extracted with ether (3 x 50 mL) and washed with brine (2 x 10 mL). The
combined ether extracts were dried over anhydrous MgSO, and after
filtration, the solvents were removed 4n vacuo. The crude residue was
submitted to gradient mesh chromatography (100 mL each of 14:1, 9:1, 4:1,
2:1 and 1l:1 hexanes-ethyl acetate, v/v) to give slightly impure the 3,5~
dinitrobenzoate ester (89) in 18% yield (16.2 mg). The same procedure was
repeated with the dioxolane Q@ from the -chlorotrimethylsilane procedure
(51.3 mg, 0.35 mmol) and the p -toluenesulfonic acid procedure (25.0 mg,
0.17 mmol). Both these compounds gave the same dinitrobenzoate ester (90)
in 9% (11.2 mg) and 23% (24.9 mg) yield, respectivel:j. The spectral data
for the compourds are;

~

1.R. (both compounds, CHCly):v=1735, 1630, 1547, 1343, 1282 an™3.
14-N.M.R. (CDCl3)
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(89) ‘
§=1.40 (s, 3H, CH;2-C-CHP), 151 (s, 3H, CHy3-C-CH, b,

1.6-1.8 (m, 2H, ROCH,CH,CHOR), 3.9-4.2 (m, 3H, ROCH,CH,CHOR),

4.42 (d, 2H, CH,CH®(OR)CH,0CO, J=5.7 Hz), 9.1-9.3 ppm (M, 3Hyrom)-
(90) \
6=1.37 (s, 3H, EHy9-c-cH;®), 1.44 (s, 3H, CH3d-C-CH ),

2.09 (g, 2H, OCOCHCH,CHEOR, J=6.3 Hz),

3.65 (dd, 1H, ROCH3HPCHC (OR)CH,, Jap=8.0 Hz), J5c=6.6 Hz),

4.15 (dd, 1H, ROCHPHACHC(OR)CHp, Jap=8.0 Hz, Jpo=6.0Hz),

4.2-4.4 (m, 1H, ROCH3HPCHC (OR) CH,),

4.60 (t, 2H, OCOCH,CH,CHC(OR), J=6.6 Hz), 9.1-9.3 (m, 3Hzrom) -

The Attempted Preparation of Orthoesters

Methyl benzoate (0.68 g, 5.0 mmol) was dissolved in methanol (25 mL)
under a nitrogen atmosphere. Chlorotrimethylsilane (1.4 mL, 11.0 mmol)
was added and the reaction stirred at reflux overnight.

The solvents were removed 4in vacuo. L1H-N.M.R., T.L.C. and G.L.C.
analyses indicated only the presence of starting material.

Methyl phenylacetate (0.40 g, 2.67 n'mol) was dissoved in CH,Cl; (25
mL) under an argon atmosphere. Ollorotnmethylsuane (1.5 mL, 11.8 mmol)
and ethylene glycol (0.8 mL, 14.4 mmol) were added and the reaction was
stirred for 16 h at room temperature and a further 8 h at reflux.

The reaction was quenched with a 5% aqueous solution of NaHCO3. The
solution was extracted with methylene chloride (5 x 25 mL) The combined
extracts were drled over anhydrous MgSOy, filtered through silica gel to
trap the excess ethylene glycol, washed with ether and the solvents were

. removed under reduced pressure to give-.only the starting methyl

phenylacetate.

ESTERS

L]

Methyl benzoylformate (9)

i

Benzoylformic acid (0.75 g, 5.0 mmol) was dissolved in dry tetra-
]
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hydrofuran (40 ml) under an argon atmosphere. Chlorotrimethylsilane. (1.l
mL, 8:25 mmol) and methanol (0.2 ML) were added. Additional methanol was
added at 16 h (0.2 mL) and 26 h (3.0 mL, total 84.0 mmol).

After 64 h, the solvents were removed under reduced pressure to give
1.01 of a crude producé. A quantity é:f 0.24 g was submitted to flash
chromatography (3:1 hexanes-ethyl acetate, v/v) to give 0.18 g of the pure
compound in 89% yielé. If two equivalents of TMSCl and excess methanol
were used, as in all of the syntheses of the methyl esters listed below, a
mixture of the title compound and 2,2-dimethoxyphenylacetaldehyde (vide
dupha, Acetals) was isolated (relative proportion 37:55 egter:acetal-
ester). “The spectral characteristics of the title ccmpound are;

S
’

I.R.(neat):v =1742, 1693, 1598, 1582, 1457, 1433, 1324, 1207,
1173, 1003 an~i.
H-N.M.R.(CCly):§=3.90 (s, 3H, COOCH3),
7.2-7.6, 7.8-8.1 ppm (m, SHarom’*
M.S.:m/z=164 (1%, M*), 105 (100%, CgHsCO*), 77(78%, C6H5)
G.L.C.:10' 6% OV-101 on CHROMOSORB W, 150°C:
CGHSCOCOOCH3 RT=3.78 min.
CgHsC (OCH3) 5COOCH; RT=5.53 min.

1

Methyl benzoate (39) .

Benzoic acid (0.61 g, 5.0 Mmol) was dissolved in absolute methanol
(25 mL) under a nitrogen atmosphera. Chlorotrimethylsilane (1.4 mL, 11.0'
mmol) cwas added and the reaction stirred overnight. Gas chromatographic
analysis showed the presence of a single peak and indicated the absence of
benzoic acid. '

The solution was neutralized to pH 6.0 (moist alkacid paper) with a
10% solution of sodium methoxide in methanol. The solvent was removed
under reduced pressure, ether added, and the suspension filtered through
Celite. After evaporation, 0.67 g of methyl benzoate, pure by G.L.C. and
1H—-N.M.R., was isolated in 98% yield. The spectral characteristics of the

compound are;

I.’R.(neat):v=l730, le602, 1588, 1496, 1455, 1440, 1320, 1280,
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1197, 1180, 1120, 1072, 1029, 969 cn~l.
l4-N.M.R. (CDCL3) £ 6 =3.89 (s, 3H, COOCH3),

701"7.9, 7-8"8-2 m (m’ SHaran).
G.L.C.:6' 5% CARBOWAX 20M on CHROMOSORB W, 200°C:

“CgH5COOH RT=2.52 min.
CgH5COOCH, RT=0.50 min.

Dimethyl 1,12-dodecandioate (40)

1,12-Dodecandioic acid (1.15 g, 5.0 mmol) was dissolved in a solvent
mixture of absolute methanol (25 mf),. hexanes (10 mL) and ethyl ether (15
mL) under a nitrogen atmosphere. Chlorotrimethylsilane (2.8 mL, 22.0
mmol) was added and the ‘reaction stirred qvernight.

The solution was neutralized to pH 6.0 (wet alk-acié paper) with a
10% solution of sodium ;ngihoxide in methanol. The solvent was removed in
vacuo after filtration through 5.0 g of coarse silica gel to give, after
evaporation, 1.04 g of the dimethyl ester in 85% yield (m.p. 30.5-31°C,
1it222 31°C). The spectral characteristics of this compound are;

I.R. (neat) : v=2940, 2860, 1731, 1439, 1253, 1200, 1172 cm™l.
LHIN.M.R. (CDCLy) : §=1.28(bs, 12H, H3CO,C(CHo) 2(CHy) ¢ (CHy) 2COCH3),
1.63 (bs, 4H, HgCOzCC}IQCHp (CHy) gCHoCH,COoCH3) 4
*. 2.30 (t, 4H, H3CO,CCHy(CHp) gCHoCOACH) ,
A 3.65 pam (s, 6H, 2 x COOCHy) .
M.S.:m/z=227 (25%, M'-OCH3), 185 (30%, M'-CH,COOCH3),
153 (24%, HC(CHp)gCO%), 98 (95%, (CHp);")
55.(88%, Cyh;*), 43 (60%, Cghy™), 41 (64%, C3Hgh).
G.L.C.:6' 5% CARBOWAX 20M on CHROMOSORB W, 200°C:
H3C00C (CH3) 1 oCOOCH3 RT=3.08 min.

Methyl 12-hydroxydodecanoate (41)

>

12-Hydroxydodecanoic acid (1.08 g, S.0 mmol) was® suspended in
absolute methanol (25 mL), ethyl ether (15 mL) and hexanes (15 mL) under a
nitrogen atmosphere. Gulorotrimgthylsilane (1.4 mL, 11l.0 mmol) was added

|
and the solution stirred overnight.
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Neutralization to pH 6.0 (moist alk-acid paper) with a 10% solution
of sodium methoxigde in methanol, was followed by evaporation to dryness
under reduced pressure and redissolution in a 1% methanol-ether solution.
Filtration through coarse silica gel (5 g) was followed by evaporation to
give 1.11 g of the methyl ester in 96% yield (m.p. 30.5-31.5°C). The
residue was purified by flash chromatography (10:1 hexanes-ethyl acetate,
v/v,) to give 1.05 g of the pure campound with the melting point increased
to 31-320C (1it.222 33-49C). The spectral characteristics of the compound
are;

I.R.(neat) :v =3400, 2940, 2862, 1746, 1460, 1439, 1365, 1250,
' 1200, 1175, 1109, 1054 cnl.
14-N.M.R. (CDC15) 26 =1.10 (bs, 19H, HOCH,(CHo)g),
1.74 (m, 2H, CH,COOCH3) , 2.25 (t, 2H, CHOH, J=6.0 Hz),
3.65 ppom (s 3H, COOCH3).
M.S.m/z=200 (5%, M*-CH,), 185 (6%, M'—-CH,CH,0H),
- 153 (6%, M'-CHyCHoCOOCH3), 139 (3%, M*-(CHy)3CO00CH3),
125 (4% (M¥-(CHy) 4C00CH7), 111 (113, M¥-(CHp)5COOCH3),
98 (28%, CyHy,"),; 97 (18%, CjHy3"), 87 (55%, (CHy),COOCH3Y),
83 (25%, CgHy "), 69 (43%, CgHy"), 55 (89%,C4H,N) .

Methyl glutamate (42)

Glutamic acid (4.42 ¢, 30.0 mmol) was suspended in absolute methanol
(100 mL) under an argon atmosphere. Chlorotrimethylsilane (7.0 mL, 55.2
mmol) was added and the reaction stirred 'at room temperature. )

After 5 min, all the precipitate had dissolved and the solvent was
then removed under reduced pressure. The residue was recrystallized from
methanol-ether to give 3.98 g of the glutamate contaminated with 21% of
the dimethyl ester (by lH—N.M.R) and—1.84 g of pure crystalline S5-methyl
glutamate with a total yield of 85% (m.p. 157-8°C, 1it.228:229 160-1°C),
The spectral characteristics of this compound are;

I.R.(KBr):v =1725, 1609, 1489, 1437, 1239, -1018 am~l.

3.72 (s, 3H, COOCH3), 4.32 (bs, 5H, C1 HaNCHCOOH);
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N. B. in pure dg-acetone the a-proton tnplet is
dlstmgmshable from the labile NH and OH proton5°
4.33 pam (t, 1H, NCHCOOH, J=5.5 Hz). ~
[Dimethylester
l4-N.M.R. (CD30D) : § =2.2-3.0 (m, 4H, CHyCHy), 3.72 (s, 3H, COOCH3),
3.87 (s, 3H, HyNCHCOOCH3) , 4.33 pem (bs, 4H, ClH3NCH).
M.S.:m/z=130 (13%, M'-HCl-CH30), 116 (61%, M'~HCL-COOH)
98 (44%, 116¥-H,0), 84 (82%, M'-HCl-CH30H-COOH),
73 (313, CHyCH,COOH'). '

Methyl hippurate (43)

Hippuric acid (benzoylglycine, 0.36 g, 2.03 mmol) was dissolved in
absolute methanol (40 mL). Chlorotrimethylsilane (0.6 mL, 4.7 mmol) was
added and the reac;tion stirred under an argon atmosphere at room
temperature. , .

After 12 h, the methanol was removed under reduced pressure to give
0.35 g of a crude prodgct. A quantity of 0.075 g of the residue was
submitted to flash chromatography (1:1, ethyl acetate-hexanes, v/v) to
give 0.074 g of methyl hippurate in 85% yield m.p. 80.5-81°C, 11t 222

85°C). The spectral chacteristics of ‘the compound are; \ :

I.R.(CCLy) 1 v =3340, 1744, 1654, 1535, 1262, 1206 cmt.
H-N.M.R. (CDCLy).: 5 =3.66 (s, 3H, 0CH3), ‘
4.14 (4, 2H, NHCHg, J=5.2 Hz), 6.03 (bs, lH, NH),
7.1-7.5, 7.6-7.8 (m, SHy ).
M.S.m/z=193 (39%, M), 161 (25%, M'-CHyOH), 134 (57%, M*-COOCH3),
105 (100%, CgHsco"), 77 (60%, CgHs™). =

G.L.C.:6' OV-101 on CHROMOSORB 750, 200°C:
CgH5CONHCH,COOCH 3 RT=1.35 min. ‘

Methyl leucinate (44)

Leucipé {0.66 g, 5.0 mmol) was dissolved in dry methanol (25 mL)
under an argon atmosphere. Chlorotrimethylsilane 1.4 mL, 11.0 mmol) was
added and the reaction stirred overnigw. More chlorotrimethylsilane (1.4

-
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mL, 11.0 mmol) was added and the reaction stirred a further 48 h at roont
temperature.

The solvent was removed .in vacuo and the precipitate dried at the
pump yielding 0.83 g of crude methyl 31eucinate°HCl salt. Although the
crudé residue was recrystallized from methanol-ether, it was found that
the recrystallized material had -an identical melting point (m.p. 145-6°C,
1it.222 146°C) to that of the crude material. The obtained yield was 97%.
The spectral characteristics of the compound are; —

2

0

I.R. (KBr): v=1745, 1580, 1504, 1435, 1274, 1216 an"L,
1H-N.M.R.(CD30D) : 6=1.00 (4. 6H, CH(CH3) 5, J=5.8 Hz),

1.0-1.1 (m, 1H, CH(CHq),),

1.6-2.0 (m, 4H, CHyCHp), 3.85 (s, 3H, COOCH3),

4.04 (t, 1H, CHCOOCH3, J=7.0 Hz), 4.85 ppm (s, 3H, NH3Cl).
M.S.:m/z=88 (76%, M'-HCl-(CH3),CHCHp), 86 (83%, M"-HC1-COOCH3),

57 (22%, (CH3),CHCHp'), 44 (100%, (CHg),CHoY).

Methyl 6-ammo—pen1c1llanoate(HCl salt) (45)
(Methyl 6-amino-3,3-dimethyl-7-oxo-4-thia-l-azabicyclo [3,2, O]
heptane-2-carboxylate*HCl salt) .

— 6-Aminopenicillanic acid (0.1088 g, 0.504 mmol) was dissolved in
absolute methanol (25 mL) under an argon atmosphere. Chlorotrimethyl-
silane (0.14 mL, 1.11 mmol) was added and the reaction was stirred for %
minutes. , l ‘

The solvents were removed at 10-15°C under high vacuum and E:he
crystals pumped very dry to give a crude product. This was recrystallized
from methanol-ether and gave, after pumping, 0.1128 g of the title
compound in 84% yield (m.p..136-40°C). The spectral characteristics bf
the compound are; . . , L
I.R. (CH30H) :v =1790, 1725, 1638, 1206 am™l.
Ly-N.M.R. (CD30D) : 6 =1.36 (s, 3H, CHy3-C-CH3P),

1.67 (s, 3H, CH,3-C-CH;P), 3.87 (s, 3H, COOCH3),

3.94 (s, 1H, CHCOOCHy), 4.25 (d, 1H, GClH3NCHCHS),

4.97 (s, 3H, NHyCl), 5.16 ppm (d, 1H, ClH3NCHCHS).
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Methyl phenylacetate (46)

\

Phenylacetic acid (2.70 g, 19.9 mmo1l) was dissolved in methanol (40
ml) under an argon atmosphere. Trimethylchlorosilane (5.50 mL, ;3.4 mﬁol)
was added and the reaction stirred overnight at room temperature.

The solvents were removed {n vacuo and the residue filtered through

silica gel which was washed with ether. The filtrate and the ethe\Z/’

washings had the solvents removed under reduced pressure‘ to give 2.52
of the title compound in 84% yield. The spectral data for the compound

are; 4

7

».R.(neat):v =3084, 3063, 3027, 2956, 1738, 1493, 1451, 1432 -l
1H-N.M.R. (CDC13): 6 =3.48 (s, 3H, OCH3), 3.55 (s, 2H, CgHsCHp). .
7.17 ppu (s, SHy.oH . :

Ethyl _p-methylbenzoate (47)

‘p-Methyloenzoic acid (tolulc acid, 0.58 g, 5.0 mmol) was dissolved
in absolute etnanol (25 ml) under an argon atmosphere. Chlorotrimethyl-
si1lane {l.4 mL, 11.0 mmol) 'was adde‘a, and the reaction was stirred
overnight at room ‘temperature. After 16 h, very little reaction had
occurred, so the reaction was refluxed for a further 18 h.

The reaction mixture was dissolved in ether (2 x 50 mL) and washed
with water (2 x 20 mL). After drying the organi‘c layer over anhydrous
Mgs0y, evaporation of the solvents under reduced pressure gave 0.83 g of

crude product. A quantity of 0.13 g was submitted to flash chromatography

{6:1 hexanes-ethyl ace*te, v/v) to give 0.12 g of the pure product in 96%
, L
yield. The spectral data 1;9: the compouhd are;

I.R.(CCly): v=1710, 1605, 1584, 1454, 1367, 1277, 1110, 913 am L.
1H-N.M.R. (CDC13) : §=1.35 (t, 3B, CH,CH3, J=7.0 Hz),
2.36 (s, 3H, CH3CgHy), 4.37 (g, 2H, CHpCH3, J=L,0 Hz).
7.08, 7.91 ppm (ABQ, 4Hg om, Jom=8-4 H2).

v
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Ethyl p-nitrobenzoate (48)

p -Nitrobenzoic acid (0.84 g, 4.8 mmol) was dissolved in dry ‘ethanol
(25 mL) under an argon atmosphere. Chlorotrimethylsilane (1.4 mL, lﬂl.O
mmol) was added and the reaction stirred for 1 h at room temperature and
then refluxed for 36 h. As a result of technical problems, the reaction
boiled dry. Therefore, more chlorot;imethylsilane (1.4 mL, llo.Oamnol) and
dry ethanol (25 mL) were added and the reaction x;as refluxed a further 12
h. , ‘ ) Q-a

Removal of the solvent under reduced pressure gave,0.83 g of a crude
crystalline product (mp. 55.5-57°C, 1it.222 56°C), a ntity of 0.112 g

was purified by flash chromatography (6:1, hexanes-ethyl acetate, v/v) to

give 0.102 g of pure title compound in 78%wielg. When accounting for
recovered starting material the isolated yteld was 81%. The spectral
chardcteristics of the compourd are; -

I.R. (neat): v=1726, 1528, 1276, 908 cm~l,
l4-N.M.R. (CDCL3) = 6 =1.40 (t, 3H, éﬁ;g_r_i_3,‘J=7.0 Hz),

4.38 (q, 2H, CH,CHy, J=7.0 H2z), 8.17 ppm (s, 4Harom)-
M.5.m/z=195 (15%, M%), 178 (44%, MY-OW), 167 (73%, M'-Ch,CH3),

150 (100%), M*-OCH,CH3), 104 (628, 150*-NO5), 76 (52%, 104%-CO).

©

Ethyl hippurate (49)

) E

Hippuric acid (0.36 g, 2.0 mmol) was dissolved in absolute ethanolﬁ
(22 mL) under an argon atmosphere. Chlorotrimethylsilane (0.6 mL, 2.0
mmol) was added. g.nd ,the reaction stirred at room tanperaatur'e for 40 h.

The solvent was removed <n vacuo and the residue crystallized fram
ethanol-ether to give 0.41 g of crude pfoduct. A quantity of 0.109 g of
the c.rude product was sulmitted to flash chyromatography& {4:] hexanes—ethy;
acetate, v/v) to give, after evaporation, 0,107 g of pure product in 97%
yield. The melting points of ‘the crude and chromatographed material were
identical (m.p. 61.5°C, 1it.222 67.5°C). 'Ihé spectral c/:haracteristigs of
the compound are;

o
RS

I.R. (CCl4):\)=3252f~l739, 1654, 1531, 1209, 913 an~l,

»

k)

-
I -
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lH-N.M.R. (CDC13) : 6=1.25 (£, 3H, CH,CH3, J=7.5 Hz),

4.06 (d, 2H, CH,N, J=5.0 Hz), 4.13 (g, 2H, CHyCH3, J=7.5 Hz),
7.0-7.5, 7.6=7.9 (m, 6H, CgHgCONH).
M.S.m/z=207 (67%, » 161 (49%, M*-CH3CH,OH),:
134 (94%, M+ ), 105 (56%, CgHsCOh),
77 (93%, CeHs™h).

Ethyl glutamate (50)

4

®

Glutamic acid (4.42 gv, 30.0 mmol) was suspended inggbsolute ethanol
(150 mL) under a nitrogen atmophere. Chiorotrimethyls' ane (4.5 mL, 48.5
mmol) was added and the reaction was stirred®® room temperature for 0.5 h
(no precipitate remained). HCl gas was partially removed by bubbling with
nitrogen under vacuum for 0.5 h. ’

The etharfol was removed Ul vacuo , and the crude glutani‘ate was
‘recrystallized fram ethanol-ether. Three crops of c;g:ystals were isolated;
one crop of pure 5-ethyl glutamatesHCl (2.39 g, m.p. 166.5-167.5°C.

1

1it.222 170-170.5°C), one crop of starting material (1.25 g) and the final.

crop which "consisted of approxlmately 63% S5-ethyl glutamate’HCl (2.80 g,
by T.L.C. and ly-N.M.R.). The yield (673%) was calculated by the addition
of the proportion of the product in the crystalline mixture (1.86 g) and
the pure product. After accounting for recoversd starting material, the
yield was 92%. The isolated ynield of pure compound was' 38%; after
accounting for the recovered starting material, the 1solated yleld was
52%. The spectral characteristics of the compound are; .

1.R. (KBr) : v=2952, 1725, 1603, 1426, 1212 anl.

LH-N.M.R. (CD40D1D,0, 2:1, v/v): 6 =1.28 (¢, 3H, CH,CHg, J=7.0 Hz),
2.0-2.8 (m, 4H, CH,CH,), 3.98 (t, 1H, CHy(NH3)CHCOO, J=6.0 Hz)a -
4.20 (g, 2H, CHyCHy, J=7.0 Hz), 4.77 ppm (8, 3H, NH4Cl).

M.S.im/z=157 (48, MT-HCL-H,0), 130 (57%, M*-HCl-COOH),

84 (94%, CHCOOCH,CH3). | /\\/‘

Benzyl l2-hydroxydodecancate (51)

To 12-hydroxydodecanoic acid (0.555 g, 2.57 tm;\ol) ’ dissolved in dry

.
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A

tetrahydrofuran (12 mL), was added chlorotrim‘e‘thylsilane (0.7 mL, 5.5
mmol) and benzyl alcohol (1.0 mL, 9.7 mmol). The reaction was stirred for
48 h under an argon atmosphere at roam temperature.

The solvent was removed under reduced pressure to give 0.822 g of

crude product. A quantity of 0.142 g of the crude mixture was submitted
t6 flash chromatography (7:1 hexanes-ethyl acetate, v/v), to give 0.102 g
of a mixture of the'benzyl ester and the benzyl ether (81:19). Tl;xese were
inseparable by normal phase chromatography; £lash, T.L.C., preparatlve
H.P.L.C.. The yields of the two products were determined by lH—N M.R. to
be 61% for the benzyl ester and 14% for the benzyl ether.

I.R.(neat) : v=3360, 2920, 2843, 1725, 1453, 1368, 1174, 1018 cm™L,
Benzyl ester:
ly-NM.R. (CDCL5) : 6 =1.0-1.9 (m, 18H, HOCH,(CHap) ),
2.1-2.4 (m, 3H, CHyCO; + OH), 3.57 (t, 2H, HOCH,, J=6.0 Hz),
4.63 (s, 2H, CgH5CH90), 7.30 ppm (S, SHarom) -
Benzyl ether:
1H-N.M.R. (CDCL3) : 6 =1.0-1.9 (m, 18H, HO,CCH,(CHy)g)
2.1-2.4 (m, 2H, HOyCCHy), 4.10 (t, 2H,*CgH5CH,OCH,, J=7.2 Hz),
5.07 (s, 2H, CgHgCH,0) 7.30 ppm (S, 5Hayom) -
M.S.m/z=120 (2%, CgHgCHOCH'), 108. (85%, CgHisCH,OHM),
107 (77%, CgHsCH,0"), ST®(28%, CeHeCHy*Y, 79 (86%, CgH™),
77 (64%, CgHs™), 65 (12%,CgHsh), 51 (33%, Cy4H3™Y).

Cyclohexyl Hip’purate (52)

Hippuric acid {0.90 g, 5.0 mmol) was dissolved in cyclohexanol (15
mt:) under an argon atmosphere. * Chlorotrimethylsilane was added (1.4 mL,
11.0 mmol) and the reaction was stirred for 24 h at room temperature.

Most of the cyclchexanol was removed at 80°C using a high vacuum (1
torr). The product spontaneously crystallized out. Hexanes were added to
the residue and mgré crystals precipitated out. The solid was filtered
from the hexanes-cyclohexancl solution, rinsed with hexanes and the solid
was recrystallized (mp. 101°C, 1it.330 105°C)-:;f_;om hexanes-ethyl acetate
to give 1.31 g of the title compound in 84% jié"l’d. ¥
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I.R.(CHCl3)) 3V =3436, 3000, 2939, 1728, 1658, 1576, 1519, 1481,
1446, 1380, 1358, 1222 au~l.
1H-N.M.R.(CDCl3): 6=1.1-2.1 (m, LOH, -CH(CH3)s=),
4.19 (d, 2H, NHCH,, J=5 Hz), 4.86 (m, 1H, -CH(CHj)5),
6.81 (bs, 1H, NHCH3), 7.3-7.6, 7.7-7.9 ppm (m, S5Hayem)-
M.S.:m/z=261 (1%, M"), 180 (26%, M*-CgHg), 162 (15%, M¥Y-OCgHyy),
134 (68%, M'-CO,CgHyj), 122 (17%, Mt-CgHgCONH)),
119 (26%, CgHsCON'), 105 (100%, CgHsCO'), 83 (S5%, CgHyp™),

77 (50%, CgHg'). -

’

Benzyl hippurate (53)

Y

Hippuric acid (benzoyl glycine, 0.45 g, 2.5 mmol) was dissolved in
dry tetrahydrofuran (40 mL) under an argon atmosphere. genzyl alcohol
(0.8 mL, 7.7 mmol) and chlorotrimethylsilane (0.7 mL, 5.5 mmol) were added
and the reaction stirred at room temperature for 18 h. A furxther 0.7 mL
of chlorotrimethylsilane was added and the reaction was refluxed for 24 h.

The solvents were removed .(n yagcug t© give 1.03 g of the crude
product. A quantity of 0.162 g of the crude residue was submitted to
flash chromatography (3:1, hexanes-:ethyl acetate, v/v) to give 0.071 g of
the pure product in 65% yield. The spectral characteristics of the

A

compound are;

I.R. (neat) :v =3308, 2926, 2846, 1758, 1644, 1537, 1453, 1403,
1376, 1203 anl. _ e
Li-N.M.R. (O0CL3) ; 6=4.17 (@, 2H, NCHp, J=5.0 Hz),
5.14 (s, 2H, CgHsCHp), 6.78 (bs, 1lH, NH), 7.28 (s, 5H, CgHsCHE),
7.2-7.4, 7.6-7.8 ppm (m, 5H, CgHsCO). ‘
M.S.m/z=269 (5%, M%), 162 (13%, M'-OCH,CgHg), 149 (24%, M-CcHsCONH)
135 (443, CgHsCH,0C0"), 134 (40%, CgHsCONHCH,'), .
105 (100%, CgHsCO™), 91 (69%, CgHsCHa'), 77 (66%, CgHsh).

r

B ~Trimethylsilylethyl l2-hydroxydodecanoate (54)

12-Hydroxydodecancic acid (0.54 g, 2.5 mmol) was dissolved in dry
tetrahydrofuran (12 mL) finder an argon atmosphere. Chlorotrimethylsilane
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\
(0.7 mL, 5.5 mmol) and 2-trimethylsilylethanol (1.0 mL, 8.5 mmol) were

added and the reaction was stirred at reflux overnight. More chloro-
trimethylsilane (1.4 mL,, 11.0 mmol) was added and the reaction _stirred for
a further 48 h at reflux. '

All low boiling materials were removed under reduced pressure to give
0.77 g of a crude product. A gquantity of 0.14 g of the residue was
"submitted to flash chromatography (3:1 hexanes-ethyl acetate, v/v) to give
0.11 g of the pure title compound. The total yield was 73%. However,
when recovered starting material was accounted for, the yield was 79%.

The spectral data for the compound are;

I.R. (neat) : v =2928, 2854, 1731, 1452, 1249, 1170 am-l,
1H-N.M.R. (CCly) : 6 =0.10 (s, 9H, S1(CH3)3)s
0.97 (t, 2H, OCHyCH,S1, J=8.0 Hz), 1.35 (bs, 18H, (CHy)g),
2.21 (t, 24, CHyCO, J=5.0 Hz), 2.25 (s, JH, OH),
3.52 (t, 2H, CH,OH, J=5.0 Hz), 4.10 ppm (t, 2H, OCH,CH,Si, J=8.0 Hz).
C)7H3¢0g51 calc. - € 64.50 H 11.46
(316.6) found 64.46 11.43

B-Trimethylsilylethyl Hippurate (55) 4

Hippuric acid (benzoyl glycine, 0.37 g, 2.1 mmol) was dissolved 1n
dry tetrahydrofuran (40 mL) undsr an aygon atmosphere. 2-Trimethylsilyl-
ethaneol (0.6 mL, 5.1 mmol) and chlorotrimethylsilane (0.7 mL, 5.5 mmol)
were addFd and the reaction stinl:ed at room temperature for 18 h.
Additional chlorotrimethylsilane (0.7 mL, 5.5 mmol)was added and the
reaction stirred a further 24 h. )

The sclvents were evaporated under rgduced pressure to give 0.98 g of
crude product. A quantity of (.13 g was submitted to flash chromatography
(2:1 hexanes-ethyl acetate, v/¢) to give 0.07 g of pure title compound in
98% yield. The spectral éatmﬂhe compound are;

I.R. (CCly): v=3348, 2956, 1743, 1650, 1538, 1251, 1183 am™l.
14-N.M.R. (CDCL4) :6 =0.05 (s, 9H, Si(CHz)3), ‘
1.00 (t, 2H, OCH,CH.Si, J=8.0 Hz),
4.04 (t, 2H, NHCH,, J=4.8 Hz), 4.20 (t, 2H, OCH,CH,Si, J=8.0 Hz).
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7-1"7.4' 7.6-7-8 m\ (m, Haran),
M.S.:m/z=193 (M- (CH3)48iH), 162 (8%, MY-CH,CH,Si(CH3)3),

134 (14%, M* oCH,Si (CHy) 3), 105 (88%, CgHgCO™), |
77 (57%, CgHgh), 73 (100%, si(CHy)3h.
Cy4Hp1NO3Si  calc. C 60.18 H 7.58 N 5.01
(279.41) found 60,06  7.67 5.07

Esterification with 2,2 ,2-trichlor:’oethanol

&

12-Hydroxydodecanoic acid (0.540 g, 2.50 mmol) was,d-i’é’solved in a
solution of 2,2,2-trichlorcethanol (1.0 mL, 10.4 mmol) and anhydrous
tetrahydrofuran (11.0 mL) under a nitrogen atmosphere. Chlorotrimethyl-
silane (0.7 mL, 5.5 mmol) was added and the reaction refluxed overnight.
More chlorotrimethylsilane was added at 12 h (0.6 mL, 4.7) and at 36 h
(2.1 mL, 16.6 mmol).

The solvents were removed (n vacuo togive 0.792 g of a residue.
T.L.C. analysis showed in excess of 16 compounds. The residue was
submitted to flash chromatography (3:1 hexanes-ethyl acetate, v/v) but it
proved impossible to isolate any pure compounds.

p -Nittobenzoic acid (0.835 g, 5.00 mmol) was dissolved in anhydrous
tetrahydrofuran (40 mL) under a nitrogen atmosphere. Chlorotrimethyl-
silane (1.4 mL, 11.0 mmol) and 2,2,2-trichloroethanol (1.0 mL, 10.4 mmol)

were added and the reaction stirred at room temperature for 24dh.
The solvents were removed under reduced pressure. The residue was

extracted with ether (2 x 50 mL) and washed with a 5% aqueous sodium bi-

“carbonate solution (2 x 20 mL)and the combined extracts dried over
anhydrous MgSO4. After evaporation, 0.726 g ofstarting material was

[y

isolated.

_Benzoic acid (0,61 g, 5.0 mmol) was dissolved in anhydrous tetra=
hydrofuran (20 mL) under ‘an argon atmosphere. Chlorotrimethylsilane (1.4

mL, 11.0 mmol) and 2,2,2=trichloroethanol (1.0 mL,’}’.O.Q mmol) were adged‘

and the reaction refluxed overnight.
The solution was diluted with ether (2 x 75 mL) and extracted with a
5% aqueous sodium bicarbonate solution (2 x 25 mL). The combined extracts
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were dried over anhydrous MgsSO4. After evaporation of the solvents, 6nly
benzoic acid was isolated.

*

The Formation of ¢-Butyl Esters

The following sets of reaction conditions were tried in the hope of
making t-butyl esters from ¢-butanol and a carboxylic acid. The
conditions for the reactions are listed below;

(@) CgHgCOH (1 eq), Me3SiCl (2.2 eg), t-butanol
(solvent ~100 eq), room temperature, 48 h.

(b) same as (a) except 100°C, 48 h.

(€) CgHsCONHCHoCOoH (1 eq), Me3SiCl (2.2 eq), t-butanol
(solvent ~100 eq), roam temperature, 24 h, 100°C, 48 h.

In none of the three cases did T.L.C. analysis indicate any product
during the course of the reaction or after quenching with a 5% aqueous
bicarbonate solution. The ¢-butyl group cannot, apparently, be introduced
using £-butanol in the presence of chlorotrimethylsilane.

Transesterification
Ethyl glutamate

Methyl glutamate*HCl (0.16 g, 0.81 mmol) was dissolved in absolute
ethanol (30 mL) under an argon atmosphere. Chlorotrimethylsilane was
added (0.3 mL, 2.73 mmol) and the reaction was stirred at room temperature
overnight,

. The solvents were removed in vacuo to give 0.178 g of crystalline
material. lH-N.M.R. analysis showed the presence of starting material
(47%), S-methyl glutamate (42%),%and the 1,5-diethyl ester (11%). For
spectral characteristics of the former two, see the experimental section
of esters. The lH-N.M.R. spectral data for the 1,5-diethyl glutamate+*HCl

are;

Ly N.M.R. (CD30D) : 6 =1.19 (t, 3H, H3NCCOOCH,CH3, J=6.8 Hz),
'1.26 (t, 3H, CH3CH0,CCH,CHy, J=7.0 Hz), 2.1-2.9 (m, 4H, CH,CH,),
4.1-4.5 (m, 5H, CH3CH,0,CCH,CH,HC(NH)COoCHoCHy),
5.30 ppm (s, 3H, NHg)..
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Methyl élutanate

° /

Ethyl glutamate*HCl (0.125 g, 0.59 mmol) was dissolved in absc}lute
methanol (50 mL) under an argon atmosphere, Chlorotrimethyl silarie was
added (0.3 mL, 2.37 mmol) and the reaction was stirred overnight at room
temperature. '

The solvents were removéd 4n vacuc to give 0.129 g of crude
material., LlH-N.M.R. analysis indicated the S5-methyl (90%) and the 1,5~
dimethyl glutamates (10%). Spectral characteristics are given in the
experimental section of Esters ( vide supxra)-

414 0 -Butyl acetoacetate

Methyl acetoacetate (0.58 g, 5.00 mmol) was dissolved in anhydrous
{40 -butanol under an argon atmosphere. Chlorotrimethylsilane (1.4 mL,

11.0 mmol) was added and the reaction was stirred for 2 days at room.

temperature.

The solution was extracted with ether (150 mL) and washed with water
(20 x 200 mL). The ether solution was dried over gnhydrous MgSO4. The
ether was removed under reduced pressure ard the reéidue was submitted to

flash chromatography (9:1 hexanes-ethyl acetate, v/v) to give 0”.4’12“94-011‘&‘

the 4{s40-butyl acetoacetate ester in 56% yield.

1.R. (neat): v =2963, 1740, 1718, 1643, 1466, 1408, 1357, 1314,

1147 an~l,
lH-N.M.R. (CDCL3) : § =0.94 (4, 6H, HC(CH3) 2, J=6.5 Hz),

1.96 (m, 1H, HyCCH(CH3)), 2.28 (s, 3H, CH3CO),

3.46 (s, 2H, CH3COCH,CO), 3.93 ppm (d, 2H, CHCH(CH3) ), J=6.5 Hz). -
M.S.m/z=158 (1%, M), 115 (5%, M'-CH;CO), 103 (35%, M'-CH;COCH,),

85 (6%, M'-OGH,CH(CHI),), 73 (7%, OCH2CH(CHy),b).

—

The Attempted Transesterificatian of Methyl l2-Hydroxydodecanoate,

Methyl Benzoate ané Methyl Phenylacetate
T
|

i

Methyl 12-hyd°roxydodecano7te (41) ) (1.08 g, 5.00 mmol) was dissolved

[ ,
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in a\a solution of p-nitrophenol and tetrahydrofuran under an argon
atmosphere. Chlorotrimethylsilane (1.4 mL, 11.0 mmol) was added and the
reaction stirred at room temperature for 12 h.

The reaction by T.L.C., l§-N.M.R. and G.L.C., showed only the
presence of starting materials and the reaction was therefdre judged a
failure.

P

G.L.C.:10' 5% OV-101 on CHROMOSORB W, 150°C:

CgHgCOCHy RT=1.64,
p —N02C6H50H RT=8.50,
Reaction mix RT=1.67, 8.51.

Methyl benzoate (39)(25 mL, 2.02 mmol) was added to a solution of
benzyl a\lcohol (0.5 mL) and anhydrous tetrahydrofuran (15 mL) under a
nitrogen atmosphere., Chlorotrimethylsilane (0.5 mL, 3.9 mmol) was added
and the reaction was stirred for 3 h at roam temperature.

The solvents were removed 4in vacug and the residue submitted to
flash chromatography (3:1 hexanes-ethyl acétate, v/v) togive 0.21g of"
recovered methyl benzoate and 0.13 g of benzyloxytrimethylsailane. The
spectral data for the latter compound are;

LHotLMR. (ODCLy) £ 6 =103 (s, 9H, (CH3) 388), 4.70 (s, 24, CHy),

. 1.30 ppm (s, SHyprom) -
G.L.C.:10' 5% OV-101 on CHROMOSORB W, 150°C:

CgHgCO,CH3 N RT=1.67 min,
CsHsCHzOSi (CH3) 3 RT=2.04 min. - ——

4 -

Methyl phenylacetate (46) (0.325 g, 2.43 mmol) was dissolved indry
benzyl alcohol (25 mL) under a nitrogen atmosphere. Chlorotrimethylsilane
was added (0.75 mL, 5.92 mmol) and the reaction stirred overnight at room

:

1

temperature.

Three spots were observed with T.L.C. corresponding to the starting
materials and a new spot. Isolation ofrthe new compound was achieved
using preparative H.P.L.C. (33:1, hexanes-ethyl acetate, v/v) to give
0.384 g of dibenzyl ether in 65% yield based on the amount of trimethyl-

I
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chlorosilane used,

I.R. (neat):v =3085, 3062, 3030, 2859, 1494, 1451, 1358, 1264,
1208, 1091, 1069, 1023 cu 1.

H-N.M.R,}cnc13):5 =4.48 (s, 4K, 2x(CH,CgHs)), -
7.30 ppm (s, 10H, 2x(CHCgHs)).

Mi8.:m/z=1.7 (42%, OCHCeHs*), 91 (100%, CHCgHs ™). -

1

Rate Study in Ester Formation

Benzoic acid (0.244 g, 2.0 mmol) was added (==0) to a solution of
cnlorot:lmethylsiiane (.5 mL, 2.9 mmol) and methanol (10 mL) undar an
argon atmospnere, The reaction was followed with G.L.C. over a 48h period
by injecting 1 y L. . A °

The same esterification was carried out with catalysis by methanolic
HCl. A quantity of methanol (10 g) was saturated with anhydrous hydrogen
chloride. The weight of the solution increased to 12.7 g. This acidac '
. solution {0.68 g, 0.4 mL, 4.0 mmol HCl) was added to annydrous MgSOy (0.25
g, 2.0 mmol) in methanol (9.6 mL). Benzoic acid (0.244 ¢, 2.0 mmol) was

added and the reaction was followed by G.L.C. for 48 h.

° _ To normalize the errors in injection, a mean of the integrations of
the solvent peaks from the individual spectra (at time t) was calculated.
The integrals of the other peaks in the G.L.C. spectra were then
"normalized by multiplying the absolute value of the integration (at time
t) by the ratio [absolute solvent integral'(at time t)/mean-of solvent
integrals]. ,

) Listed below (Tabl¢s 5.1 and 5.2) are the time of injection (sec),
-absolute integral, correc§ed integral, value of [final inte&rall— integral
(t)] and the log {final integral - integral (t)], whete integrals refer to
the calculated ‘area of tHe peak corresponding to methyl benzoate. The
points were fitted using a léast-squares fit to give the pseudo-first
order rate constants of 1.47 x 10~5 and 9.25 x 10-% for the reaction
promoted by chlorotrimethylsilane and hydrogen chloride (Figure 5.1),
respectively.
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Table 4.3:Reaction Promoted by Chlorotrimethylsilane

yime (sec) Integral Corrected

»

" 245
775
1345
1925
3185
3485
3960
4415
4905
11005
14315
16540
16930
17800
20265
£ 22500
85695
85915
177410

——

0
1725
3329
5364
8176
9669
8468
8218
19923
21420
23151
27741
27676
29498

29150

30246
38428
43618
49465

. * not calculated

Integral
0
1645.464
3376.469
5364
8176
9669
8468
8218
19923
21586.27
24616.25
27025.38
28312.55
29746.69
29924.17
31745.14
41224.1
44716.36
46067.06

Solvent
Integral
484220
449610
422850

*

NA

NA
NA
NA

N

NA

NA
425576
403351
440236
418237
425294
417784
408626
399790
418345;

460514

Average Solvent Integral 428879.5
Total Solvent Integrals , 5575433

Number of data points

13

‘Table 4.4:Reaction Catalyzed by HCI ©

Time (sec) Int,eqx:al Corrected

1405
2300

40130
41720
44140

1754
3985

4608

4328
5370

Integral

1821.827

3338.952
4608

4867.909
5943.566

Solvent
‘Integral
392926

- 487087
o
362855
368736

concy.)
4.662549
4.646756
4.629496
4.608797
4.577712
4.560256
4.574351
4.57723
4.415578
4.388033
4.330664
4.278934
4.248543
4.211971
4.207223
4.,155252
3.684447
"3.129995
9999

log{concg~

concy)
4.531537
4.550451
4.515054
4.511598
4.496999

PRI TOR T

log(conce-. ' Trimethylsilyl

benzoate integral
433
8772
12645 °
13471
10131
12189 7
6915
4245
16044
0

O O O ©O O O o o o
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. 45500 6836 7123.862 391629 4.480399

46700 8196 8852.881 377838 4.454872

56380 12396 10363.62 488156 4.431268

62415 13766° 13293.26 422634 4.38148

65100 8657 15886.31 222399 4.332084

66670 15021 16319.34 375651 4.323257

72915 12831 17055.81 307027 4.,307822

75350 24422 21158.46 471070 ‘4.310066

76310 25370 22693.58 456253 4.1§§974

78675 26034 22894.38 464088 4.161008

80330 20716 22060.91 383240 4.185255

123525 32281 30291.51 434925 3.851534

123900 46282 35470.81 532512 3.286442

170775 ,Q§095 -37407.38 382892 9999
. '

Average &glvent Integral 408120.4'
motal Solvent Integrals 7754288
Number of data points 19

The other point of interest is the discovery of a peak of longer
retention time which appeared in the spectra taken between t=0 and t=3 h,
of the reaction promoted by TMSC1, But not that catalyzed by HCl., A list
of the injection time and integration of this peak are listed above. It
is anticipated that this peak corresponds to trimethylsilylbenzoate.

G.L.C.:6' 10% OV-10l1 Chromosorb 750:160°C )
Methyl benzoate ' RT=1.41
Trimethylsilylbenzoate RT=2.17 ) o

Y [3
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Figure 4.6:A Plot of log(concy ~ concy) vensus. Time (sec) for -the
Esterjfications Promoted by Chlorotrimethylsilane and Hydrogen C:‘rxlofide

Ni \\. 1‘-,= ml

N o = TMSC1 T

40 ) 0120
t(sec) x 103 Co

' Mechanistic Sbtudy of Esterification in the Presence of

P S S W L e =

Chiorotrimethylsilane

Benzoic acid (0.3780 g, 3.098 mmol) was dissolved in a mixture of
tetrahydfofuran (5 mL) and dg-acetone (1 mL) undér a nitfogen atmosphere.
Chlorotrimethylsilane was added (0.89 mL, 7.02Jmmol) and the reaction
stirred for lh. The 29Si-N.M.R. spectrum-was observed using the INEPT
pulse seguence. Methanol (0.13nmL, 3.21 mmol) was added and the silicon
spectrum again‘observed. lp-N.MR analysis of the final reaction mixture

-

showed the presence of methylbenzoate.

Sodium benzoate (2.00 g, 13.88 mmol) was suspended in tetx:ahydrofurana
(23 mL) under a nitrogen atmosphere. Cﬁlorotgimethylsilane (3.45 mL,
26.23 mmol) was added and the reaction stirred overnight. A 5 mL aliguot .
was diluted with dg-acetone (1 \mL) and the 29si—-N.M.R. spectrum taken
using the INEPT pulse sequence. Methanol (0.14 mL, 3.45 mmol) was added

\ ¢
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and the spectrum was again taken. 14-N.M.R. showed the presence of methyl
benzoate.

4-Hydroxybutyric acid (84)

§-Butyrolactone (85) (1.60 g, 18,6 mmol) was added to a solution of
potassium hydroxide (2.1 g, 36.9 mmol) in methanol:water (1:1, 100smL).
The reaction was stirred overnight at room temperature. G.L.C. analysis
showed the absence of any starting material.

The solution was extracted with ether (2 x 100 mL) and washed with a
5% aé;ueous sodium bicarbonate to remove the methanol. The ether extracts
were discarded. The aqueous layer was acidified to pH 6 (wet alk-acid
paper) with 1 N aqueous hydrochloric acid. The aqueous solution was then
extracted with ether (2 x 150 mL), washed with water (2 x 50 mL) and’ brine

(2 x 25 mL), and the combined extracts were dried over anhydrous MgS04.
The ether was removed 4n vacuo to.give 0.29 g of the title compound in
15% yield. The spectral data of the compourd are;

' I.R.(neat): v=3360, 1710, 1395, 1254, 1054 cm~1,
G.L.C.:5% QV-101 on CHROMOSORB 750, 150°C:
=CHoCO0 (CHp) 2~ RT=1.64 min.
HO (CHgp) 3CO0H RT=1.89 min,

§-Butyrolactone (85)

4-Hydroxybutyric acid (84)(0.1986 g, 1.910 mmol) was dissolved in dry
tetrahydrofuran (25 mL) under an argon atmosphere. Chlorotrimethylsilane
was added (0.7 mL, 5.5 mmol) and the reaction stirred at room temperature
for 1 h. .

The brown solution was filtered through coarse silica gel. The

silica was washed with carbon tetrachloride (2 x 5 mL) and the combined

filtrates were evaporated under reduced pressure to give 0.951 g of the
title compourd in 50% yield. The spectral characteristics of the compound

are; ’ —_—

I.R.(CCly) :v=1773, 1461, 1422, 1162, 1034, 990 an~i.

)
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JI.R.(neat) : v=3442,

LH-N.M.R. (CCly) i §=2.1-2.5 (m, 4H, OCCHoCHp), =
4.1-4.4 ppm (m, 2H, OCH,).

G.L.C.:5% OV-101 on CHROMOSORB 750, 150°C:
HO (CH;) 3COOH RT=1.89 min.
~CHoCOO(CHp) o~ RT=1.64 min.

©

@

Isolation’of a Silyl Ester Fram the -Reaction of a Carboxylic Acid With:
. Chlorotrimethylsilane (86)

12-Hydroxydodecanoic ac’id (1.08 g, 5.00 mmol).was. suspended in tetra-—

Sy

2

hydrofuran (40 mL) under an argon atgnosphere.‘ Chlorotrimethylsilane (2.8 -

mL, 22.0 mmol) was added and the re;action was refluxed for 18 h.

The solvents were removed /jn ouaucu.o and the res?due was suspendéd in
anhydrous ether, filtered through silica gel, and the solvents were
removed ungder reduced pressure to give 0.62 g of the trimethylsilyl ester
contaminated with the starting acid. The spectral data for the ester are

as follows;
J

a : v

30, 2869, 1719, 1248, 1092 an~ i, .
1H-N.M.R. (CDCLy) : § =& 21 (s, 9H, Si(CH3)y), 1.2 (bs, 21H, HOCH,(CH5) 1),
2.21 (t, 2H, CH, 7 J=6.5 Hz), 3.46 (t, 2H, CHoOH, J=6.0 Hz)4

o

Oxidation of Cyclododecanone’ (87)

Cyclododecanone (0.4603 g, 2.525 mmol) was dissolved in methylene
chloride (25 mL) under an argon atmosphere. m-Chloroperben'zoic aci
(0.7161 g, 4.149 mmol) was added and the reaction was refluxed overnight.

The reaction was quenched with a 5% aqueous bicarbonatg solutiong.

extracted with ether (2 x 70 mL), washed with brine (2 x 10 mL) and the
combined extracts dried over anhydrous MgSO4. The solvents, were removed
and the residue submitted to flash chromatography (10:1 hexanes-ethyl
acetate, v/v) to give, after evaporation, 0.270 g of the 13 membered
macrolide (87) in 54% yield. The spectral data for this compound a;:e
described in the following experimental procedure. ‘

'3
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1,12-Dodecanclide (_é?_) ‘ '

. 12=Hydroxydodecancic acid (0.217 g, 1.00 mmol) waé dissplved in a
solutioé) of toluene (40 mL) ard p-toluenesulfonic acid monchydrate (3.073
g, 0.38 mmol). After 4 h at a bath tempexature which just allowed reflux
conditions to a Dien-Stark trap, no starting material‘ remjined as judged
by T.L.C..

The toluene was removed under reduced pressure and of the 0.319 g of

o

crude residue, 0.140 g was subnu.tted to "flash chromatography (3:1,
hexanes-ethyl acetate, v/v) to give two compounds of widely different
polarity. The less polar material (0.064, g, 70% yield) was detemmined by
mass spectral analysis to be the dodecanolide (87), and ‘the more polar
material (0.31 g, 18% yield), the diolide (88). The spectral data for the

- compounds are;

“

Monolide .
. SN

I.R,(CCly):v=2928, 2856, 1734, 1455 L.
LH-N.M.R. (CDC13) : § =1.0<2.0 (m, 18H, (CHy)g)s
2.32 (t, 2H, CH,CO, J=6.0 Hz), 4.09 ppm.(t, 2H, CHyO, J=5.0 Hz).

M.S.m/z=153 (6%, CgHy70%), 151 (12%,. C;qH150M,

139 (12%, CgHy50h), 137 (13%, Cghy30™), 125 (28%, CgHyy0h),
123 (7%, Cgyj0%), 111 (383, CyHy0h), 109 (48%, CHgOh),

97 (70%, CgHg0™), 95 (50%, CcH70"), 85 (62%, CgHyo") ,
. 83 (713, C5H70*), 81 (59%, CsH5O0"), 71 (100%, CqH,0%) /-

69 (87%, C4H50%), 67 (41%,C4H30%), 57 (90%, C4Hgh),.

. 55 (858 Caiiy™), 43 (1008, ca3co ). -

Diolide

lH-N.M.R. (CDCL3) 6 =1.04-1.80 (m, 36H, (CHz)gococaz(_qu)g).
2.29. (t, 2H, 2.x CH,COOCH,, J=6.0 Hz),
4.04 ppn (€, 2H, 2 % CHpCOOCH, J=6.0 Hz). . = =~ -}
M.S.m/Z=396 (2%, MY), 378 (18%, M'-H,0), 241 (17%, M+-OCO(CHZ)7C}-1),
199 (288, M*-0CO(EH,)1oCH),” 181 (228, 199*-H0),
97 (61%, CgHg0*), 83 (58%, C5H70%), 69 (50%, C4Hs0").

8
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Attempts Towards the Synthesis of Oxoesters From Thiocester
12-Hydroxydodecanoic Acid

12-Hydroxydodecanoic acid (0.504 g, 2.33 mmol) was dissolved in a
solution of tetrahydrofuran (15 mL) and thiophenol (0.8 mL, 7.8 mmol)
under an argon atmosphere. Chlorotrimethylsilane was added (0.7 mL, 5.52
mmol) and the reaction stirred at reflux overnight.

There was a decreased solvent volume (to ~10 mL). The solvents were
removed under reduced pressure, dissolved in ether and filtered through
Celite. After removal of the solvents .in vacuo ,' 0.816 g of a crude

, residue was obtained. T.L.C. analysis indicated a multi-component

mixture. A quantity of 0.204 g of this residue was submitted to gradient
flash chromatography (100 mL each of 9:1, 3:1 and l:1.hexanes-ethyl
acgetate, v/v). Three components were isolated consisting of the monamer
(87) (0.017 g, 8% yield)' the dimer (88) (0.016 g, 9% yield) and a more
pblar group of compounds (0.016 g). Rinsing the column with methylene
chloride yielded a further (0.035 g) of polar, lactonic material. Each of
the two less polar compourds was contaminated with some of the more polar
cm\pomﬁs. The low yield clearly results from incomplete reaction. ly-
N.M.R, anaiysis indicated the presence of a large amount of unreacted
starting material which was subséquéntly trapped on the siiica column.
For the spectral characteristics of the monomer and dimer see 1,12:-

dodecanolide (yide supral.

[

., Phenylacetic acid (1.40 g, 10.3 mmol) was dissolved in a,solution of
thiophencl (4.6 mL, 44;8 mmol) and anhydrous tetrahydrofuran (250 mL).
Chlorotrimethylsilane (5.7 mL, 55.0 mmol) and 2,2,2-trichloroethancl were
added and the reaction was stirred at reflux for 48 h.

The reaction was quenched with a saturated agqueous solution of NaHCO,
(100 mL), extracted with ether (2 x 100 mL) and washed with brine (2 x 50
mL). The combined extracts were dried over anhydrous MgS04 and after
filtration the solvents were removed in vacuo . The residue was
dissolved in hexanes and filtered through silica gel to give thiophenol
and 2,2,2—trich§.oroethanol. Phenylacetic acid was washed off the silica

¢

gel with methanol. No other materials were getected.
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Thiocesters x

Benzoic acid (0.606 g, 4.97 mmol) was dissolved in a solution of
tetrahydrofuran (15 mbL) and thiophenol (2.0 mL, 19.5 mmol). Chloro-
trimethylsilane was added (1.4 mL, 11.0 mmol) and the reaction stirred at

reflux for 24h. -
The solvents were removed (n vacuo €0 give only the starting

material.

N

Benzoic acid (0.612 g, 5.02 mmol) was dissolved in a solution of
tetrahydrofuran (35 mL) and benzylthiol (2.0 mL, 17.0 mmol). Chloro-
trimethylsilane was added (1.4 mL, 11.0 mmol) and the reaction stirred at

reflux for 24h.
The solvents were removed (n vacuo to give only the starting

material.

12-Hydroxydodecanoic acid (1.059 g, 4.903 mmol) was dissolved in a
solution of tetrahydrofuran (20 mL) and benzylthiol (0.65 mL, S5.54 mmol)
under an argon atmosphere. Cnlorotrimethylsilané was added (0.7 mL, 5.52
‘mmol)” and the reaction was refluxed for 24h.

' The solvents were removed in vacuo and submitted to gradienf flash
chromatography (100 mL each of 3:1, 1l:1, 1:3 hexanes-ethyl acetate, v/v
and 100 mL each of ethyl acetate, and methanol). The only isolated
products were benzylthiol and 1l2-hydroxydodecancic acid.

i
]

et ki

Sebacic acid (1,10-decanedioic acid, 1..005 g, 4.967 mmol) was
dissolved in a solution of anhydrous tetrahydrofuran and benzylthiol (2.0
mL, 17.0 mmol) under an argon atmosphere. Chlorotrimethylsilane (2.8 mL,
22,0 mmol) was added and the reaction stirred overnight at room
temperature, _

The solvents were removed (in vacuoc to give 1.150 g of a crude
residue which by 14-N.M,R. was determined to be the starting carboxylic
acid contaminated with benzyl thiol. L 4 .

Al ternatively, sebacic acid (1.014 g," 5.012 mmol) was dissolved in a
solution of anhydrous tetrahydrofuran (25 mL) and thiophenol (2.0 mL, ‘
mmol) under an argon atmosphere. Chlorotrimethylsilane (2.8 mL; 22.0
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mmol) was added and the reaction stirred overnight at roam temperature.
The solvents were removed .in 'vacuo \to give 1.121 g of a residue
which was determined by l14-N.M.R. and T.L.C. to bd\the starting carboxylic

acid contaminated with thiophenol.

Reaction of Carboxylic A¢ids with Aleohols
(in the Presence of Silicon Tetrachléride)
Ethyl Phenylacetate (56) '

Phenylacetic acid (1.36 g, 10.0 mmol) was dissolved in absolute
ethanol (20 mL) under a nitrogen atmosphere. Silicon tetrachloride (0.65
mL, 5.7 mmol) was added and the reaction stirred for 1.5 h at room temper-—
ature.

The solvents were removed <n vacuo and the residue was purified by
mesh chroamatography (hexanes) to give 1.00 g of the title compound in 61%
yield. The spectral characteristics of the compound are;

I.R. (neat) : v =2900, 1733, ~l494, 1364, 1248, 1152 an~t.
lH—N.M.R. (CDC13):6 =1.13 (t, 3H, OCH,CH,, J=7.5 Hz),
3-45 (S' 2H, g’l_zCGHS) ’ 4.00 (q, 2H' OEHZCH3, J=7.5 HZ)’

7.10 pem (s, SHypom) - :
M.S.m/z=164 (54%, M%), 119 (14%, M'-OCH,CH3), 91 (100%, CH,CgHs"). |

a

Phenylacetic acid (0.67 g, 4.93 mmol) was dissolved in a solution of
benzylthiol (1.0 mL, 8.5 mmol) and methylene chloride (25 mL) under an
argonﬁosphere. Silicon tetrachloride (0.6 mL, 5.24 mmol) was added and
the reaction was stirred at room temperature overnight.

The solvents were removed 4n vacuo and the residue was extracted
with et\:her (2 x 75 mL)., The cloudy solution was washed with a 5% aqueous
solution of KOH (3 x 30 mL, generating a flocculent white precipitate),
washed with brg‘ne and the combined extracts were dried over anhydrous
MgSO4. After the removal of solvents under reduced pressure, only benzyl
thiel was isolated.
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" STARTING NUCEOPHILLES AND ELECTROPHILES

Phosphorous Esters

A}

Phenylphosphonic acid (0.782 g, 4.95 mmol) was dissolved in methanol
(25 mL) under a nitrogen atmosphere, Chlorotrimethylsilane (2.8 mL, 22.0

mmol) was added and the reaction stirred at room temperature.

After 8h, an aliquot of 5 mL ;as removed and the solvents removed .in
vacuo to give the starting material (lH-N.M.R.). Similar results were
obtaineé with-aliquots removed at 12 h, 24 h, and 48 h.

Diphenylphosphate (0.362 g, 1.45 mmol) was dissolved in methanol (25
mL) under a nitrogen atmosphere. Chlorotrimethylsilane was added (1.4 mL,
11.0 mmol) and the reaction stirred at room temperature.

After 14 h, the so'lvents were removed Jim vacuo from a 5 mL
aliquot. !H-N.M.R. indicated only the presence of starting material.
Starting material was also identified after 24 h at reflux, and after the
addition of more chlorotrimethylsilane (4.2 mL, 33.0 mmol) and a further
24h at reflux.: ?

14

I

Diethylphosphate (0.105 g, 0.68 mmol) was dissolved in a mixture of
methanol (15 mL) and tetrahydrofuran (25 mL) under a nitrogen atmosphere.

Chlorotrimethylsilane (0.25 mL, 2.0 mmol) was added and the reaction

stirred overnight.

The dark brown reaction mixture was evaporated to dryness. - T.L.C.
analysis indicated a very complex reaction mixture. 1H-N.M.R. spectro-
scopy did}!-(pe’nnit the identification of any component in the mixture.

T

=

SILYL ENOL ETHER CONDENSATIONS

Methyl 3-:trimethylsiloxybut-2-enoate (105)

i N
‘

Anhydrous ZnCl, (2.0 g, 14.7 mmol) was suspended in dry triethylamfne

(105 mL) with vigourous stirring for 1.5 h under a nitrogen atmosphere.

The solution was cooled to 0°C and methyl acetoacetate (39.8 g, 0.343 mol)

in dry benzene (135 mL) was added. To this solution was added

chlorotrimethylsilane (74.5 g, 0.657 mol) over a 5 min period. The

\ \ ‘ 222
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reaction was stirred overnight at 40-50°C. ' )

The brown solution was added to cold anhydrous hexanes (1L) and the )
precipitated salts filtered off. The filtrate had the hexanes remo‘ved in
vacuo, and the residue distilled (54-55°C/4 torr, 11't.3°0 67-68°C/7- torr)
to yield 57.2 g of the title compound in 89% yield. The spectral data for
the compound are; Iz

I.R.(neat): v=1720, 1630, 1432, 1383, 1338, 1137, 1034 am-l,
1H-N.M.R, (CDC13) : 8=0.22 (s, 9H, Si(CH3)3),
1.86 (s, 0.63H, HyCC(OSi (CH3) 3)=CHCOoCH3 (2))
2.23 (s, 2.37H, ﬂzEC(OSi (CH3) 3)=CHCO>CH> (E)),
3.63 (s, 3H, CO5CH3), 5.17 ppm (s, 1H, (H3C)3510C=CH).
293i-N.M.R.(decoupled INEPT pulse sequence): §=20.09 (85%, (E) isomer),
19.93 (15%, (2) isomer).

1,3-b4i4 - (Trimethylsiloxy) -1-methoxybuta-1,3-diene (100)

To a solutlon of di- 4 48¢ —Dropxlamlne (1.0 mL, 7.1 mmel) in dry THF
(25 mL) under argon, was added p-butyllithium (1.5 M solution in hexanes,
5.0 mL, 7.5 mmol) after cooling to 0°C. The reaction mixture was further
cooled to -78°C. Methyl 3-trimethylsiloxybut-2-encate (105)(1.10 g, 5.9
mmol) was added and the solution stirred for 2 min.

The reaction was quenchéd with trimethylchlorosilane (1.2 mL, 9.5
mmol). The solvent was removed under reduced pressure after a further 10
min and the residue washed and filtered with cold dry hexanes (distilled
from ‘sodium). The solvents were removed from the filtrate (n vacuo to
give 1.42 g of 1,3-bis-(trimethylsiloxy)-l-methoxybuta~-1,3-diene in 93%
yield, The spectral characteristics of the compound are; )

I.R. (neat) : v=1651, 1443, 1382, 1252 an"l.
YH-N.MLR. (CDC13) : 620.15 (s, 9H, (CH3)381), 0.19 (s, 9H, (CH3)3Si),
3.50 (s, 3H, COOCHj), 3.90 (d, 1H, HC=, J=1.5 Hz),
4.10 (d, 1H, HC=, J=1.5 Hz), 4.42 ppm (s, 1H, HC=). .
295]-N.M.R.(CDC1 4, decoupled INEPT pulse sequence):
5 =16.16" (9H, =C(OCH3)0Si(CH3) ),
21.81 ppm (9H, HZC‘C(CH=COCH3[OSI(CHB)3])OSI(CH3) ).
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- M.S.m/z=260 (9%, M%), 245 (64%, M'-CHj), 229 (15%, MY-OCH3),
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156 (30%, M*-(CH3) 3SiH), 147 (51%), 73 (100%, (CH3)3Si%).

74
1,1-Dichloroacetophenone (24)

In 120 mL of glacialﬁ acetic acid was placed acetophenone (48.0 g, 400
mmol). k'I‘he solution was cooled in'an ice bath, and with stirring, dry
chlorine gas (dried by bubbling through concentrated H5504) wa;s introduced
for 3 h at a rate which maintained the solution temperature below 30°C,,

The bright yellow solution was pourad onto 1 kg of ice. A yellow oil
separated out from tne acstic acid solution which was distilled (89~
909C/1.4 torr, 11t.3%2 132-49C) to y1eld 70.5 g of colo.u:less.ﬂ o1l 1n 93%
yield. The spectral data are; s '

" I.R. (neat): v=1709, 1699, 1682, 1451, 1284, 1223 em-l.

lH—NOMQR' (CDC1‘3): 6=6-77 (S, lH, CHC].Z) ’ 7.4"'7-7, 7.9-802 p};m (m' SHarm)'

Thermal Properties of 1,3- b s ~Trimethylsiloxy-1l-methoxy-1,3-butadiene -

Essentially, the above experimental procedure for 100 was fol lowed.
The lithiumdi- ;30 -propylamidewas prepared at 0°C. Fram that point, the
soljution' was silylated at the temperature to be tested, and the procedure
for quehchi g the reaction and isolating the silylated products was

I
followed as/described above. The resulting solutions were analysed by li-

N.M.R. speckroscopy. The yields in all cases were over 75% based on the

lH-N.M.R. spectra. The following Table gives \the results of these

"exper iments.

B
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Table 5.3:§elative Proportion of Silylated Campounds Formed from Methyl 3-

‘ Trimethylsiloxycrotonate at Various Temperatures ¥ .
" oTMS
TMSO OTMS
Temperature Conditions TMSOTMS N CO,Ct

: Z 7 SoCH; TMs

25 No temperature  x _ —  100-x *
control, campounds '
rapidly mixed.

25 ' Temperature con- 3 57 oo

' . trolled using HyO - '
bath, compourds
mixed slowly."* / , )
0. Rapidly mixed. 15 85 -

0 Slowly mixed. 6.5 80 : 9
-23 CC1 4/CO5 15 ) 85 .
-42 CH3CN/C02 l} —_ 89 —
ol CH4COCH;/CO5 10 90 . . -
( v =78 CH3COCH3/CO, + 10 90 e
- , " TMEDA. ‘
“ -110 ether/c0, 13 87 . -
# The % of the enolic compounds is based on the integration of the

vinylic hydrogens. The non-enolic components were evaluated
using the integration.’of the TMS peaks. w

*  Since . TMSOTMS peak is under the C-TMS peak, the relative % is
difficult to determine. The major portion (>90%) is the C
silylated compound. OTMS

** The solution.contained 9% of /\/COchs ,
: o X

_ although TM&MS is present in all spectra, this compound can be easily . ‘
v removed by pumping at high vacuum. For example, Qith the second
entry at 0°C, after 2 h pumping at 1 torr, the relat:ivé. % of .TMSOTMS —
dropped from 6.5% to 1.5%. |

—
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2.2-Dimethoxyphenylacetaldehyde(109)

Sodium (2.00 g, 87.0 mmol) was reacted with absolute methanol (150
mL) at 0°C under nitrogen atmosphere. a,a -Dichloroacetophenone (24) (7.50
g, 39,7 mmol) was added and the resulting solution stirred for 1 h.

_To the clo-udy orange suspension was added brine (100 mL) and the
methanol removed under reduced pressure. The aciueous residue was
extracted with ether (3 x 100 mL) and washed with brine (3 x 50 mL) until
no yellow colour was imparted to the agqueous layer. The com?i\ned ether
extracts were dried over anhydrous MgSO4 and concentrated under reduced
préssure. The residue was distilled (72-6°C/0.7 torr, 1it,313 123-

. 309C/25 torr) to give 5.82 g of a colourless oil in 81% yield.

I.R.(neat) : v =1745, 1451, 1242, 1069 cm~l.

1H-N.M.R. (CDC13) : § =3.32 s, 6H, C(OCH3)), 7.5-7.7 (m, SHarom)’

. 9.38 ppm (s, 1H, CHO).

M.S.:m/2=180 (0.5%, M*), 151 (28%, M*_CHO), 149 (4%, M*-0CHj),
136 (45%, 151*-CHy), 121 (398, CgHsCO,"), 105 (100%, CgHsCOY,
77 (57%, CgHg").

» »

Y

Phenylglyoxal (5) ‘ ) 5

To 2,2-dimethoxyphenylacetaldehyde (109)(1.90 g, 10.6 mmol) was added
acetone (15 mL) and concentrated hydrochloric acid (~0.08 mL). The
reaction was stirred for 18 h at room temperature.

The regcgion was dissolved in ether (100 mL), washed with a 53
aqueous solution of NaHCO3 (2 x 25 mL), with brine (2 x 20 mL), and the
ether extract was: dried over anhydfous MgS0,. After filtration, removal
of the solvents 4n vacuo led to a brown oil. This was distilled using
a Kugelrohr apparatus (80~136°9C/23 torr, 1it.314 95-79Cc/25 torr) to give
0.68 g of thevglyoxa\l in 48% yield. Since this yield was judged to be
i;'xadequate, an alternate method was chosen.

Seleneous acid (HySe03, 32.50 g, 252 mmol) was dissolved in dioxane
(200 mL). A mechanical stirrer was required, apd the temperature was
maintained at 50°C t:mtilr dissolution was complete. Acetophenone
(107)(30.0 g, 200 mmol) was added. The solution underwent a series of

P
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’ . : colour changes: starting from colourless, proceeding to \yel low, then
green, and finally to black. After refluxing for 5.5 h, the solution was
decanted from precipii:ated selenium metal. The dioxane-water was
distilled from the solution leaving an arange gum. This residue was
filtered twice through a small sinter to _remove more selenium metal and

. distilled (52°C, 0.45 torr, lit.314 95- 700/25 torr) to yield 28.24 g of
the title compound in 84% yield. The spectral data for the cbnpound are;

I.R. (neat): v=1697, 1598, 1582, 1459, 1278, 1262, 1120, 963 am~l, L
1H-N.M.R. (ODC3) : 6 =7.4-8.4 (m, SHapon) » 9:67 PEM (s, 1H, CHO).

p -Methylacetophenone (108)

Toluene {30.30 g, 0.323 mol) was dissolved in carbon disulfide (150
- ml) under a nitrogen atamosphere. Aluminum trichloride (97.5 g, 0.73 moi)
was added and the solutions was heated to reflux. Acetic anhydride (28.72
g, 0.28 mol) was added over 40 min and the rea¢tion was left to reflux for

c ' 1 h.
The carbon disulfide was distilled from the solution and the warm
residue was added to concentrated hydrochloric acid (50 mL) and ice (500
g)e The solution was extracted with ether (2 x 500 mL), washed with watar
(200 mL) , 15% aqueous KOH (50 mL), water (100 mL) and brine (100 mL). - The
combined ether extracts were dried over anhydrous MgSO, and, after
filtration, the ether was removed .(n vacuo. The residue was distilled
(97+99°C/14 torr, 1it.346 226°c/760 torr) to give 31.70 g of p-methyl-
fcetophenone in 73% yield. The spectral characteristics of this compourd

. are;

I.R. (neat): v =1688, 1604, 1583, 1357, 1280, 1182 cm"
LiEN.M.R. (CDC13) : 6 =2. 42 (s, 3H, CH3CgHs) , 2.58 (s, 3H, CH3CO),
7.23, 7.87 ppm (ABQ, 4Hupon, Jom=10 Hz).

a,a -Dichloro~ p-methylacetophenone (111)

‘ ‘ *  p -Methylacetophenone (108){27.0 g, 0.20 mol) was dissolved in
glacial acetic acid (150 mL). Dry chlorine gas (bubbled throggh'
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concentrated H;SO4) was introduced to the solution at a rate which allowed
the temperature to remain below-20°C. The solution

cooled by an ice-
water bath. Care was taken to kéep the-Solution from excessively low
temperatures to prevent precipitation/of either the starting material or
product. After 1 h, the solution/was bright yellow and the flow of
chlorine was stopped.

The soiut_:ion was poured into i¢e-water (500 g) and allowed to warm to
roam temperature. The colour was dikcharged and a waxy-flaky white preci-
pitate (mp. 54-5°C, 1it.349 5400C) yas collected by filtration, and after
air drying, gave 36.8 g of the tifle compound in 91% yield. The spectral
characteristics of the compound

I.R.(CCly): v=1711, 1691, 1608, 1585, 1276, 1217, 1179, 843 cu™l.
la-M.M.R.(CDC13) : 6 =2.43 (s, 3H, CgH,CH3), 6.50 (s, "1H, CHCl,),
®°  7.0,7.81 ppm (ABg, 4Harems J=7.5 Hz).
M.S.m/z=206, 204, 202 (0.4%, 1.1%, 1.5%, M%),
" 170, 168 (0.5%, 1.5%, M*-Cl), 119 (1008, M*-CHC1,),
103 (8%, M*-OCHCly), 91 (47%, CH3CgHf:» 77 (12%, Cghb).

2,2-Dimethoxy-2 (4'-methylphenyl) acetaldehyde (110) .

]

AS

a,a =Dichloro-p-methylacetophenone (111)(5.0 g, 24.6 mmol) was added
to a solution of sodium (1.3 g, 56.5 mmol) in absolute methanol (200 mL).
The solution was stirred overnight under an argon atmosphere,

The orange reaction mixture was diluted with water (150 mL) and
extracted with ether (5 x 1Q0 mL) until the ether extracts were
colourless. The combined ether extracts were washed with brine (2 x 25
mb}, dried over anhydrous MgSO,, and the ether removed .in vacuo. The
orarge residue was submitted to H.P.L.C. (19:1 hexqnesgethyl acetate, v/v)
to give 3.40 g of the title compound in 71% yield: The spectral data
are; ‘

I.R.(CCly) : v=2942, 1742, 1612, 1509, 1444, 1406, 1362, 1242,

1208, 1183, 1113, 1060 cm™}.

LH-N.M.R. (CCly) : 6=2.31 (s, 3H, CH3CgHs), 3.23 (s, 6H, C(OCH3)3),

7.14, 7.35 (ABq, 4Haroms Jom=9-0 H2Z):
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® 8.9 pm (s, 1H, CHO).
M.S.:m/z=165 (L00%, M'-CHO), 163 (17%, M'-OCH3), 150 (24%, 165%-CHj),
135 (29%, M'-CO,CH3), 119 (67%, CH3CgH4COY), 105 (27%, CgHsCOM),
91 (49%, CH3CgH,Y.
p-Methylphenylglyoxal (7)
Selenious acid (H,Se0;, 19.35 g, 0.15 mol) was heated until
dissojution at 55°C in dioxane (90 mL). p-Methylacetophenone (}_9:8_) (19.8
g, O.ls’mol) was added and the solution refluxed for 4 h., The solution
was decanted from tne precipitared szlenium and tne dioxane distilled ”off.
After filtration tnrough Celite, tne residue was distilled (381-829C/2.75
torr) to yield l4s8-g of p-methylphenylglyoxal in
. 67% yield. The spectral data for the compound are;
}
L I.R.(neat): v =1691, 1594, 1582, 1457, cm 1.
- H-N.M.R. (CDC14) £ ¢ =2.48 (s, 3H, CHyCgHs), .
C 7.37, 8.17 (ABy, 4H, on, Jon=9.0 H2), |
. 9.69 ppm (s, 1H, CHO).
O
CONDENSATIONS
Methyl 5-hydroxy-3-oxo-5-phenylpentancate (112)
1,3- bis-Trimethylsiloxy-l-methoxy-1,3~-butadiene (0.2590 g, 0.996
mmol) was dissolved in CDCl; (2 mL) under an argon atmosphere at ~78°C.
Benzaldehyde (0.101 g, 0.95 mmol) and then TiCly (2.0 M solution in oClye
0.5 mL, 1.0 mmol) were added and after 1 h, the solution was allowed to
‘warm to 0°C over 1 h.
The reaction was poured into a 5% agueous NaHCO4 solution (25 mL),
extracted with ether (100 mL), washed with brine (2 x 10 mL) and the ether
extract was dried over anhydrous MgSO4. After removal of the solvents .n
. vacuo, 0.152 g of the title compound was isolated in 72% yield. The
spectral characteristics for th\is compourd are;
4 I.R. (neat) : y=3411, 1744, 1722, 1451, 1437, 1325 cu™l,

1H-N.M.R. (CDC14) : §=2.7-3.3 (m, 2H, CH,COCH,COOCH3),

229



3.32 (s, 2H, CHpCOOCH3), 3.58 (s, 4H, OH % COOCH3),
__5.24 (dd, 1H, CgH5CHOH, Jpc=6.3 Bz, Jac=8. o Hz),

7 19 ppm (S, 5Hapem)-

»

Methyl 6,6-dichloro~5-hydroxy-3-oxo-5-phenylhexanocate (115)

as,a -Dichloroacetophenone (24)(1.32 g, 7.0 mmol) was dissolved in
CHpCl, (30 mL) er an argon at'mosphere]. After cooling to -7%°C, TiCl 4
(1.0 M solutﬁdin CH,Cyps 8.0 mL, 8.0 mmol) was added. 1,3- bis-
Tramethylsiloxy-l-methoxy-1,3-butadiene (2.00 g, 7.7 mmol) was added over

10 man.

After 3C min, tne solution was guencned with a 3% agueous IJa!—fCO3 .

solution (100 mL), extracted with ether (2 x 50 mL}, and washed with brine
(3 x 50 mL). The combn&ed ether extracts were dried over anhydrous,MgSO4,
filtered, and the solvents were removed under reduced pressure. A
quantity of 0.153 g of the crude residue (total 2,19 g) was submitted to
flasn chromatography (4:1 hexanes-ethyl acetate, v/v) to give 0.013 g of

tn= starting acetopnenone and 0.107 g of tne crystalline title compound -..
(m.p. 73-74.5°C) in 71% isolated yield. Based on the recovered starting

material, the yield 1s 85%.

When this reaction was repeated using two equivalents of TiCl 4 under
otherwise identical condition, the same compourd was formed in 74 % yield
based on 1H-N.M.R. analysis. The spectral data fog this compound are;

i

"I.R.(CHCl3):v =3483, 1744, 1717, 1642 anl.

'H-N.M.R. (CDC13) : 6 =3.38, 3.44 (ABq, 1H, cocnanbcoocu3, J,p=8.1 Hz),
3.43, 3.68 (ABg, 1H, COCHOHCCOCHHP, J4=17.0 Hz), :
3'69 (sl 3HI COOCHB)' 4.50 (S’ lH' OH), 5.92 (S' lH’ CHClz)'

7-3"7.3' 7-5"'7.6 pm (m, SHarom)‘ 3
AJ
M.S.:m/2z=271, 269 (37%, 21%, MT-Cl), 253, 251 (14%, 9%, 269"-1‘120),

189 (538, CgHsC(OH)CHC1,Y), 117 (31%,  CH;00CH;000CH3 WP
105 (31, CGHSCO ).
C3Hy4C1504 ' calc . C51.17 H 4.62 C 23.24
(305.2) ‘ found 51.17 4.78  23.38
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Methyl 6,6-dichloro-5-hydroxy-5-(4-methylphenyl)-3-oxo-hexanoate (116)

a , a-Dichloro- p-methylacetophenone (111)(0.274 g, 1.35 mmol) was
dissolved in a solution of TiCly (1.5 M solution’in CHCly, 1.0 mL, 1.5
mmol) in"CH,Cl, (25 mL) at -78°C under an argon stmosphere. A yellow
precipitate formed. 1,3~b4{s -Trimethylsiloxy-l-methoxy-1,3-butadiene
{0.340 g, 1.31 mmol) was added and the reaction stirred for 2 h at -78°¢C
and 30 min at 0°C. : B

The reaction was quenched with a 5% aqueous NaHCO; solution (3 mL),

NaHCO4 (~5 g) and Mgs(34 (~2g). After filtration, 0.409 g of the product .-

was 1solated. Vhen this residue was submituad to mesnt cnromactograpny (8:1
naxanes—etnyl acetate, v/v), none of tne desired product was 1solaced,

only starting materials were recovered. Therefore, a quantity of 0.153 g

‘ of the residue was stbmitted to flash chromatograpny (16.5:2.5:1 hexanes-

ethyl acetate-methanol, v/v/v) to give 0.068 g of the title conipound in
44% yield and 0.054 g of the starting acetophenone. Accounting for
recoverad starting material, the yield was B88%. The spectral data for the
compound  are;
I.R.(0CLy) : v=3490, 1742, 1710, 1238 cm™l.
1H-N.M,R. (CDC13) t 5=2.33 (S, 3H, CH3CgHy), 3.33 (s, 2H, CH,COOCH3),
3.4~3.6 (m, 2H, (HO) HCCH,CO) , 3.68 (s, 3H, COOCH3), 4.3 (bs, 1H, OH),
5.68 (s, 1H, CHClj3), 7.08, 7.36 ppm (ABg, 4Haroms Jop=9-0 Hz).
M.S.m/z=235 (208, M'-CHCl,), 203 (28%, 235-CH;0H),
119 (100%, CHyCgHsCO'), 91 (543, CH3CgHg™)-

Methyl 6,6-dimethoxy-5~-hydroxy-~3-oxo-5-phenylhexancate (113)

.

a ,a -Dimethoxyacetophenone (6)(0.390 g, 2.11 mmol) was dissolved in

" methylene chloride (25 mL) at ~78°C under a nitrogen atmosphere. TiCl,

(1.0 M solution in CHyCl,, 1.5 mL, 1.5 mmol) and then 1,3- b{s-trimethyl-
mloxy-l-methoxy -1,3-butadiene (0 mz g, 2.35 mmol) were added (the
solution turned a deep yellow colour).

After 20 min, the reaction was quenched with a 5% agueous solution of
NaHCO5, extracted with ether (2 x 100 mL), washed w1th brine (2 x 25 mL)

‘and the combined ether extracts were dried over anhydrous MgSO,;. Tﬁe
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‘ solvents were renoved /Ln vacuo s ‘aftei filtration, to give 0.577 g df a
crude residue. A quantlty of 0.1870 g of this resulue was submitted to

¢ flash chranatography (1:2 ethyl acetate~hexanes, v/v) to give 0.0957 g of

the title eompound in 47% yield, and 0.059 g of recﬁov,ered starting
material. ‘In consideration of the recovered starting. ma;:erial, the yield
was 56% (the yield based on the lH-N.M.R. of the crude materlal was 74%).
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, When the same reaction was undertaken using two equlvalents of T1C14 under
otherwise identical conditions, only the monoadduct and startmg material
were recovered in{fa 2:1 mixture, based on 1H_N.M.R. analysis.' -The
spectral data for the compound are;

I.R.(neat):v =1745, 1705, 1443, 1432, 1072 i l.
YH-N.M.R. (CDC14) : 6 =3.16, 3.30 (ABq, 2H, cuaubcoocu3, Jap=8.0 Hz2),
3.26 (s, 3H, HC(OCH3e)OCH3f),
3.44, 3.54 (ABg, 2H, CH°HICOCHAHP, J 4=8.0 Hz), -~ =~ °
3.47 (s, 3H, HC(OCHs )ocnf), 3.70 (s, 3H, COOCH3), 4.02 (s, 1H, OH),
4.16 (s, 1H, CH(OCH3),), 7.3-7:4, 7.5~7.6 ppm u? SHarom) -

- - "
B = - .
4 . -~
- f)

Methyl 6, 6-dimethoxy—S—hydroxy-B-\oxo—G—phenylhexanoate (114)

1,3- bib—'Ifnmethylsifoxy-—l—methoxy:l,B-butadlene (0.751 g, 2.88 mmol)
and 2,2-dimethoxyphenylacetaldehyde (109)(0.532 g, "2.96 mmol) were
dissolved in CH,Cl, (10 mL) at -789C under an argon atmosphere. TiCl,
(1.0 M solution in CHoCl,y, 2.9 fnL, 2.9 mmol) was added and the raction

was stirred for 3 h. . !
R The reaction w;} quenched wi.tﬁ a 51 agueous solution of KaHCO4 (100

mL), extracted with ether (2'x 100 mL), washed with brine (2 x 25 mL) and

the combined ether extracts were dr}ed .over anhydrous ‘MgsO4. The solvents

were removed (n vacu¢ to give0.94 g of a crude residue. A quantity of

0.205 g gf the residue was submitted to flash chrunatoéraphy (9:1 hexanes-

ethyl acetate, v/v) to give 0.046 g of the slightly impure title cdmpound iy

in ~24% yield. The rémaining material was an intractable tar. 'I‘i;e spectral

f . <
characteristics of the coamwpourds are;

( I.R.(neat): v=3460, 1742, 1712, 1433 an-}, ,
14-N.M.R. (CDCL3) : 6=3.1-3.6 (m, 4H, HC(OH)CH,COCH,COOCH;)) - "
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3.47 (s, 6H, C(OCH3),), 3.75 (s, 3H, COOCHs), 3.80 (s, 1H, OH),
T 5.4"5-5 (m' lH' ﬂg(OH)), 7.2"’7-6 pm (m' SHaIOm).

Methyl 3,6—dioxo—-S—hydrog-&ghenylhexanoate (118)

1,3~ bisa-Trimethylsiloxy-l-methoxy-1,3-butadiene (1.50 g, 5.78 mmol)
and 2,2-dimethoxyphenylacetaldehyde (E)N(l.04 g, 5.78 mmol) were dissolved
in CHpCl, (10 mL) at -78°C under an argon atmosphere. TiCl, (1.0 M
solution in CH2C12, 12.0 mL, 12.0 mmol) was added and the react:ion was
stirred for 3 h, ;

» The reaction was quenched with a 5% agueous solution of NaHCO; (100
mL), extracted with ether (2 x 100 mL), washed with brine (2 x 25 mL) and
the combined ether extracts were dried over anhydrous MgSO,. The solvents
werg removed 4Ln vacuo to give 1l.18 g of a crude residue. A quantity of
0.107 g of this residue was submitted to flash chromatography (9:1
hexanes-ethyl acetate, v/v) to give 0.80 g of slightly impure product in
61% yield. Tne spectral data are as follows;

2 -
I'R. (neat) ;v =3450, 1739, 1719,11690, 1599, 1583, 1448, 1436 cml.
1H-N.M.R.(CDCL 5) s §=2.9-3.3 (m/)ZH, CH2HPCOCH,CO0CH;) , 3.02 (s, 1H, OH),
3.55 (s, 2H, _C_ZE2COOCH3) , 3.72 (s, 3H, COOCH3), 5.46 (dd4, 1H, EEC(OH),
J5c=4.2 Hz, Jp.=7.5 Hz), 7.3-7.6, 7.8-8.1 ppm (m, 5Hy )+

L 4

2-Ca£banetho>gz—4-hydr6xy-3;phexylcvclopenten—2-one ( Ilé)
[ .

2,2—Dimethoxyp'henylacet»alldehyde (109) (0.264 g, 1.46 mmol) was
dissolved 1n CH,Cl, at -78°C under an argon atmosphere. 1,3- bis -
trimethylsiloxy-l-methoxy-1,3-butadiene (0.400 g, 1.33 mmol) and then
TiCl, (1.0 M solution in CHpCl,, 5.0 mL, 5.0 mmol)\ jwere added. The
reaction was allowed to stir for 1 h at -78°C and then\3rmed to 0°C over
15 min. - ‘

The reaction was quenched with a 5% agueous solution of NaHCO4 (75
mL), extracted with ether (2 x 75 mL), and washed with brine (2 x 25 mL).
The combined etner extracts were dried over anhydrous MgSO, and. the
solvents were removed .in vacuo to give 0.340 g of a crude residue. 2
qpantit§ of’0.087 g of the residue was submittedn to flash chromatography

™
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(16:2:1 hexanes-ethyl acetate-methanol, v/v/v) to give 0.0405 g of the
title compound in 49% yield. The yield based on the crude l4-1.M.R. was
780%. The spectral data for the compourd are as fol lows;
[
I.R.(neat) : v=3442, 1736, 1702, 1618, 1433, 1343, 1232 aw"l.
JH-N.M.R. (CDCL3) : 6=2.59 (dd, 1H, OCCHPHPCHCOH, Jp.=2.3 Hz, Ju=18.6 Hz),
3.04 (dd, 1H, OCCHPH3CHCOH, J,,=18.6 Hz, Jpc=5.9 Hz),
3.64 (s, 1H, OH), 3.79 (s, 3H, COOCH,), ’ y
5.45 (&d, 1H, OCCHPHPCHCOH, Jg,=5.9 Hz, Jgz=2.3 Hz), ,
7.7-7.8 ppm (m, 5Hyrom) . ;
M.S.:m/2=232 (42%, M%), 216 (22%), 201 (31%, M*-0CHy),
173 (20%, MCOOCH3), 137 (76%, M -H,0-CgHs), 121 (84%),
£105 (823,/CgHsCO"), 91 (72%, CyHy™), 77 (69%, Cghg™h).
2-Carbomethoxy-4-hvdroxy-3-phenyvlcyclopenten—-2-one (119)

PRy

Phenyl glyoxal (5)(0.40 g, 2.98 mmol) was added to a solution of 1,3-
bis -t:imethylsiloxy-l—met'n‘oxy-l,3—butadiene (100) (0.75 g, 2.88 mmol) in
CHyCl, (10 mL) under an argon atmospnere. After cooling to -78°C, TiC‘l4
(1.0 M solution in CHoCls, 10.0 mL, 10.0 mmol) was added. The reaction
was stirred for 4.5 h and then allowed to warm to 0°C over 30 min.

The reaction was quenched with an aqueous 5% solution of NaHCO3 (150
mL), extracted with ether (2 x 100 mL), washed with brine (4 x 25 mL) and
the combined ether extracts were dried over anhydrous MgS0O4. The solvents
were removed 4An vacuo to give 0.621 g of a crude residue. The yvield
based on the lH-N.M.R. spectrum was 78%. "a guantity of 0.173 g of the o
residue was submitted to flash chromatography (20:2:1.5 hexanes-ethyl ,
aceéate—methanol, v/v/v) to give 0.080 g of the title compound in 43% ‘

"yield. See the immediately pr;eceeding experimental for spectral data. .

RS R RIS

o

2-Carbomethoxy-4-hydroxy~-3(4'-methylphenyl) -cérclopenten-z-one {120)
p —

£

2,2-Dimethoxy-2(4'-methylphenyl)-acetaldehyde (110)(0.2930 g, 1.51
mmol) and’ 1,3- b.i_é-trimethylsilo:xy-—i—methoxy—l,}butadiene (0.3830 g, 1.47
mmol) in CHoCl, were cocled to ~78°C under an argon atmosphere. TiCl,
(1.0 M solution in CH,Cl,, 5.0 mL, 5.0 mmol) was added and the reaction

s stiifﬁd for 1 h. The solution was allowed ‘to warm to 0°C over 15 min.

<

3 4 {
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The reaction was quenched with a 5% agueous NaHCO3 Solution (75 mL),
extracted with ether (wa 50 mL), washed with brine (2‘ x 10 mL) and the
combined ether extracts were dried over anhydrous MgS0O,. After removal ‘of
the solvents {n vacuor 0.4046 g of a crude residue was isolated. Based
on 1H-N.M.R. analysis, the crude material consisted of about 75% of the -
desired cyclopentenone. A quantity of 0.1009 g was submitted to gradient
flash chromatography (100 mL each of 3:1, 2:1 and 1l:1 hexanes-ethyl
acetate, v/v) to give 0.0344 g of the title compound in 38% yield. The
spectral data for this compound are;

~

I.R.(nujol) :V =3484, 1743, 1682, 1604, 1584, 1451, 1350 am~1.
*H-R.M.R. (CDC13) 1g =2.41 (s, 3H, CH3CgHy) »
2.47 (dd, 1H, COCH®HPCHCOH, J, 1 =18 Hz, J,c=3.0 Hz),
2.98 (dd, 1H, COCHPHACHCOH, J,5,=18.0 Hz, Jpe=5.5 Hz),
3,20 (s, 1H, OH;, 3.79 (s, 3H, COOCH3),
5.41 (dd, 1H, COCHPHACHCOH, J,.=3.0 Hz, Jp.=5:5 Hz),
7.28, 7.51 ppm (ABQ, 4Hzyrom Jom=8-5> HzZ).
M.S.im/z=246 (12%, M*), 214 (163, M*-CH;0H), 182 (95%), 149 (82%),
127 (45%, M*-CH3CgH4CO), 119 (95%, CH3CgH4COY), 91 (58%, CHaCgHgh-
Cy4H1404 calc. C 68.28 H 5.73
(246.3) found 68.14  5.87

Attempted In-s{tu Deacetalization

« , a-Dimethoxyacetophenone (109)(0.370 g, 2.06 mmol) and 1,3- bis -
frlmethylsi}_oxy-l-methoxy—l,3-—butadiene (0.520 g, 2.01 mmol) were mixed -in
CHpCl, (10 mb) at -78°C under an argon atmosphere. TiCly (1.0 M solution
"in CHyCly, 3.2 mL, 3.2 mmol) was added and the reaction stirred for 30
min. T.L.C. analysis indicated mainly the presence of the monoalkylated
material. Jodotrimetbhylsilane (0.44 mL, 3.08 mmol) was added; the
solution became purple black. After 15 min, TiCl, (1.0 M solution, 6.6
mL, 6.6 mmol) was added and the reaction stirred for 30 min at -78°C and
15 min at 0°c.

The reaction was gquenched with a 5% aqueous NaHCO; solution,

extracted with ether (2 x 50 mL), washed with a 5% agueous Nap5,04
# solution (2 x 25 ml), washed with brine (2 x 20 mL) and the combined ether
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extracts were dried over anhydrous MgSO4. The solvents were removed (n -

. vacuo . L.C. and lH-N.M.R. analyses of the crude residue indicated the
material was a1 complex mixture of products. Hence, this does not appear
to provide a useful approach to the synthesis of 5-membered rings.

ALTERNATE ELECTROPHILES ¢ <
o -Bramoacetophenone (123) .

To a solution of anhydrous ether (80 mL) and dioxane (1.7 mL, 20.0
mmol) was added acetophenone (107)(24.0 g, 0.20 mol). Bromine (0.5 mL,
9.8 mmol) was added and the reaction stirred for 20 min until the red
colour had completely dissipated. The solution was cooled to
approximately 0°C with an ice-salt bath and bromine (10.0 mL, 195.0 mmol)

L4

. was dripped in over 1.3 h.
The reaction was gquenched with a saturated aqueous sodium carbonate

solution (2x100 mL). The ether layer was dried over anhydroug MgSQyr
filtered, and the ether removed 4n vacuo, to give 25.9 g of the t
'compound contaminated with acetophenone (15% by l1y-N.M.R.) and giving a ;
i total estimated yield of 55%., A s;nall guantity was recrytallized from f
petroleun ether (m.p. 48.5-49°C, 1it.346 50-51°0). The. spectral data. are; g

I.R. (QCly)y =1687, 1596, 1447, 1276 an 1.

l-N.M.R. (CDCL3) : 6=4.33 (s, 2H, CHpBr), e
7.0-7.5, 7.7-8.1 ppm (m, SHypoml.—— ’ ,

M.S.:m/2=200, 198 (2.3»3;/,2,1(%,/»«{) , 105" (1008, CgHg5COY) , : \ g
77 188%, CgHe™Y. ‘

"G.L.C.16". 5% OV-101 on CHROMOSORB 750, 1509C:

CgH5COCH3 RT=0.43 min.
\? CgHsCOCHBE RT=3.23 min. . i
a-Phenylthioacetophenone (124) ‘ 4

Crude a -bromoacetophenone (123)(10.0 g, 42.7 mmol (calc.))
contaminated with acetophencne, was suspended in hexanes (400 mL, the use
of methylene chloride as the solvent led to none of the desired product).
The solution was .cooled to 0°C under a nitrogen atmosphere and then,
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thiophenol (5.5 mL, 53.6 mmol) and triethylamine (7.0 mL, 50.2 mmol) were
" added sequentially. There was immediate formation of a flocculent white
precipitate.

After 1 h, the reaction mixture was filtered through Celite, and the
solvents removed under reduced pressure*to give a crystalline I;Iateria;l
smelling strongly of thiophenol. This residue was recrystallized from
hexlanes to“—give two crops of crystals, 8.1 g and 2.6 g (total. 10.9 q)

contaminated with ~10% thiophengl to give the product in essentially
guantitative yield. The melting point of a further recrystallized sample
was 53°C (petroleum ether, 1it.347 51-200).

I.R.(CCly) : V=1684, 1600, 1581, 1481, 1449, 1440, 1275 am L. -
LH-N.M.R. (CDCLy) : 6=4.23 (s, 2H, CH,SCgHs),
7.0-7.6, 7.8-8.0 ppm (m, 1OHayom)-
M.S.m/z=228 (34%, M), 123 (21%, M'-CgHzS), 110 (27%, CgHgSH'),
109 (22%, CgHsS), 105 (100%, CgH5CO), 77 (338, CgHg™).

_a—Chloro~- o -phenylthiocacetophenone (125) —

lTo‘a solution of crude’ a-phenyl thioacetophenone (124)(5.24 g, 21.5
mmol (calc.)) in dry methylene chloride under a nitrogen atmosphere at 0°C
was dripped in sulfuryl chloridé (1.8 mL, 21.8 m'rg\ol) over 3 min. The
solution turned a bright yellow colour.

The solution was allowed to warm up‘to room temperature (1.5 h) and
was then quenched with a saturated agueous Na,CO; solution (100 mL). Tne
yel low colour disappeared. The solution was extracted with ether (3 x' 100
mL) and washed with brine (2 x 50 mL). The combined ether extracts were
dried over anhydrous MgSO, and the solvents removed {n vacuo to give
5.8 g of a light yellow oil. This essentially pure-product (as judged by
l4-N.M.R. and T.L.C.) was used without further purification in the
following reactions. The yield was essentially quantitative. The
spectral data for the c‘anpoumi aré; .

I.R. (neat) : v=1688, 1595, 1589, 1458, 1451, 1276, 1205 am™l. .

L4-N.M.R. (CDCL4) : §=6.35 (s, 1H, CHSCgHs), ' T
7.2-7.6, 7.9-8.2 ppm (m, 10Hapom) -

; ¢ . f

~
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. M.S.m/z=262 (2%, M%), 228 (24%, M'-H,9),‘186 (22%, M*—CgHsD, 4 °
185 (11%, M'-CgHg"), 184 (11%, M'-CgHg), 110 (31%, CghgsHM,
- 109 (22%, CgHsS*), 105 (100%, CgHsCOY), 77 (49%, CgHg"). =~

-

- »

0. ~Methoxy- o —phenylthicacetophenone (126)

ra

-

.

o

, o -Chloro—- o-phenylthioacetophenone (125) (1.00 g‘:, 3.8 mmol) was

dissolved in absolute methanol (60 mL) under a nitrogen atmosphere and the
reaction stirred overnight at roam temperature. s

A 10% aqueous Na,CO3 solution (30 mL) was added and"'t’ge methanol

removed J{n vdcuo. The residue was extracted with methylene chloride

’—\' (100 mL), washed with brine (40 mL) and the organic phase dried over

. MgSO4e  The methylene chloride was removed under .réduced pressure to give

1.0 g of a bright yellow o0il smelling strongly of benzene thiol and

showing two spots on T.L.C.. The residue was crystallized from hexanes

R

’ and the crystals were filtered and washed with cold hexanes to give 0.71 g .
) of a crystalline material in 72% yield. '
a4 Alternatively, o -chloro- o-phenylthioacetophenone (125) was dissolved
& ‘ in absolute methan/o\l £100 mL) which conta.lnq Amberlyst A2l resin (0.819,
3.89 meq) under argon atmosphere. The reaction was stirred overnight
at roam temperdture.

The solution was filtered through Celite and the solvent was removed '
in vacuo to give 0.96 g of an mixed 0il/crystalline material. This
residue was recrystallized from héxages-ethyl acetate to give 0.78 g of
pure crystalline (mp. 56-7°C) and 0.18 g of an oil containing 40%, by lH-
N.M.R., of the desn:ed product. The tot'al yield was 87% although the
isolated yield was 80%. The spectral data are;

I.R.(CCly) : v =1684, 1597, 1579, 1476, 1445, 1437 1272, 1185,

1099 an—1. )

LH-N.M.R. (CDCL3) : 6 =3.63 (s, 3H, OCH3), 5.80 (s, 1H, CHSCgHs),

7:1-7.7, 7.8-8.L pmm (m, L0Hazom) - |
" M.S.:m/z=258 (2%, M*), 153 (100%, M T-CgHgCO),

121 (298, 153*-0{303), 110 (CGHSSH*), 109 (27%, csuss"),

105 (413, CgHsCO%), 77 (33%, CgHg™).

( A )
1-Methoxy-1-phenyl thio-1-phenylacetaldehyde (127) -

. zn8 49
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@ -Chloro- a-~phenylthiocacetophenone (125)(1l.0 g, 3.8 mmol) was
dissolved in an anhydrous solution of sodium (0,090 g, 3.93 mmol) in
absolute methanol (25 mL) at 0°C under a nitrogen atmosphere. .

After 1 h,. the reaction was quenched with water. (15 mL). The
solution was extracted with ether (3 x 150 mL) and washed with brin& (2 x
30 mL). The combined ether extracts were dried over anhydrous MgSO, and
the ether removed under reduced ;:Jressure to give 0.90 g ofga crude

. residue. This was submitted to preparative H.P.L.C. (19:1 hexanes-ethyl

acetate, v/v) to give after evaporation, 0.75 ¢ of pure title compound in
77% yield. The spectral characteristics of the compound are;

LH-N.M.R.(CDCL3): 6=3.42 (s, 3H, OCH3), 7.0-7.6 (m, 10Harom)+
9.2 ppm s, 1H, CHO).
M.San/2=258 (1%, M"), 229 (21%, M'-CHO), 186 (52%, CgHgSCgHs'),
' 0149 (48%, M'-CgHgS), 121 (1003, M*-CgHgS-CO),

‘2. 110 (68%, CgHgSHY), 109 (463, CghgS'), 105 (413, CgHzCoh,

" 91 (513, CgHsCHp™), 77 (66%, CgHs™).

u-:Branophenxlacetaldegyde

To 'a solution of phenylacetaldehyde (24.0 g, 200 mmol), in dioxane
(0.3 mL, "3.5 mmol) and anhydrous diethyl ether (80 mL) , was added bromine
(0. 2,, mL, 3.9 mmol). The reaction was stirred at room temperature until
the colouz was discharged (10 min). The reaction was cooled v._vith an ice-
salt bath to approximately -5°C. Bromine (3.8 mL, 74.2 mmol) was added
over 1.5 h. At the completion of this tdition, the red-orange colour was
not discharged even though an insuffitient amount of bromine had been

" added to allow the ccmplete conversion to the desired brommated mater:.al

The solution was warmed to 25°C, but the colour remained. G.L.C. analysis
showed three major components; starting material 77%, and two unknowns
with a longer retention times, 4% and 17%.

The sblution was washed w1th an aqueous saturated 'solution of sodium

bicarbonate {3x100- mL). The ether extracts was dried over anhydrous
Mgso4, and the ether removed {n vacuo. The residue was.distilled to '
glve a large }ntlty of an intractable black tar and 0. 14 g of amixed
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I.R.(CCl,) : v=3482, 1745, 1708, 1445, 1434, 1236 an~l.
-N.M.R. (CCLy) : §=2.9-3.3 (m, 4H, CH,COCH,COOCH3), 3.29 (s, 3H, HCOCH3),

product containing mostly starting material . The lH-N.M.B. gave no
useful information as to the contents of the distillate.

This method was abandoned in favour of the synthesis of the
regioisomeric o-bromoacetophenone.

N
G.L.C.:6' OV-101 on CHROMOSORB 750, 150°C;
Crude mixture before distillation,
CgHgCH,CHO RT=0.87 min, #77%.
unknown RT=1.35 min, 4%,
unknown - 'RT=2.02 min, 17%. -
CONDENSATIONS

Methyl S5—-hydroxy-6-methoxy-3-o0xo-5-phenyl-6-phenylthiohexanoate (128),

a -Methoxy-a —phenylthiocacetophenone (126)(0.133 g, 0.52 mmol) was
diss'olved in CHpCl, (20 mL) at -789C under ap/argon atmosphere. TiCly
{1.0 M solution in CHyCly, 0.45 mL, 0.45 mmol) and 1,3~ bis-trimethyl-
siloxy-l~-methoxy-1,3-butadiene (0.107 g, 0.41 mmol) were added and tne
reaction stirred. More TiCl, was added af{ZO and 65 min (0.4 mL each
time, 0.4 mmol)..

After a further 1.5 h, the reaction mixture (10 of 21 mL) was
quenched with a saturated aqueous NaHCO3 solution (0.5 mL), NaHCO3 (0.5 g)
and MgS0, (0.5g). The solution was filtered through Celite, which was
then rinsed with ethyl acetate. The solvents were removed: in vacuo to

give 0,172 g of a crude residue. A quantity of 0.104 of this residue was

submitted to gradient flash chromatography (300 mL of 19:1 and 100 mL of
1:1 hexanes-ethyl acetate, v/v) to give 0.033 g of the monocalkylated

product in 35% yield and 0.032 g of recovered starting materiak. The
spfectral data for the monoalkylated title compound are;

-

3.61 (s, 3H, COOCH3), 4.08, (s, 1H, OH), 4.61 (s, lH, HCOCH;), 6.9-

7.5 ppm (m, 1°Ha'rom)'
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Modification of the Titanium Catalyst
Dicyclopentadienyltitanium Dichloride

!

(CSHS)ZTiCIZ (0.250 g, 1.0 mmol) was suspended in tetrahydrofuran (40
mL) under an argon atmosphere. Benzaldehyde (0.114 g, 1.08 mmol) and
methyl 3-trimethylsiloxybut-2-encate (0.329 g, 1.75 mmol) were added and
the reaction was stirred for 3h. lH-N.M.R. analysis indicated only the
presence of starting materials. Therefore, the reaction was refluxed
overnight. Again, the lH-N.M.R. spectrum indicated only starting
materials.

The tetrahydrofuran was removed 4(n vacuc and toluene was added.
Tne reaction was refluxed for 2 days. 55 no products were detectec by g
N.M.R. analysis, tne catalyst was Judged insufficiently activating to be
of any use for the desired condensation reactions.
4-Carbomethoxy-5-methyl-2-phenyl-3-phenylthiofuran,

4-Carbomethoxv-5-methyl-3-phenyl-2-phenvlthiofuran,

and methvl 2-(l-benzovl-l-phenvlthiomethvl)-acetoacetate

Zinc bromide (0.032 g,0.14 mmol) ‘was suspended in methylene chloride
15 ml) under an argon atmosphere at room 'temperature. a ~Chloro-a penzoyl
phenylsulfide (125)(0.023.g, 0.773 mmol) and 1,3-b4is -trimethylsil oxy-1-
methoxy-1,3-butadiene (100)(0.210 g, 0.807 mmol) were added and the
reaction was stirred for 4 days.

The reactian was neutralized to pH 7 (wet alk-acid paper) with a !
slurry of NaHCO3 1n methanol. The solution was extracted with ether (2 x
20 mL) and washed with brine (2 x 20 mL). The combihed ether extracts

".were dried over anhydrous MgS0;. After filtration, the solvents were
removed under reduced pressure to give 0.260 g of a cru}e mixture. A
quantity of 0.130 g was submitted to flash chramatography (19:1 hexanes-
ethyl acetate) to give four compounds; two isomeric furans {129)(0.042 g,
34% yield) and (131)(0.016 g, 13% yield), and a pair of o -alkylation
diastereomers (130)(0.033 g, 25% yield). It is not\possible, at the time
of writing, to differentiate (129) and (131)(future work will attempt the
cyclization of (130) to determine the relative yields of the two.furans).
It is clear that only g-alkylation has occurred and that regardless of‘
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the yields of (129) and (131), O~-chloro phenyl sulfides are more reactive

electrophiles than ketones.
130a
I.R.(CCly): v=1750, 1723, 1680, 1282 au~l.
M.S.:m/z=324(1.5%, M+-H20), 216 (19%, 324*-CgH,S), 182 (26%), 154 (37%),
110 (228, CgHsSH'), 105 (618, CeisC0"), 77 (41%, Chis*).
1H-N.M.R. (CDC13) 1302
§=2.27 (s, 2H, CHy), 3.91 (s, 2H, COOCH3),
4.33, 5.13 (aBg, 1.33 H, OCCHCHSCgHs, J=11.5 Hz),
“7%2-7.6, 7.8-8.0 ppm (m, 10H
130b
¢=2.52 (s, 1H, CH4), 3.64 (s, 1H, COOCHs),
4.40, 5.14 (ABg, 0.66 H, OCCHCHSC¢Hs, J=1l.4 Hz2),
7.2-7.6, 7.8-8.0 ppm (m, 10H
129 m.p. 98-98.5°C
I.R.(CCly): v=1711, 1433 ar”l.
VH-NM.R.(COCL3) : ¢ =2.68 (s, 3H, CH3), 3.67 (s, 3H, COOCH3),
7.1-7.5 pom (m, LOHzrom) - o T
M.S.m/z=324(705, MY), 292 (625, M'-CHyOH), 250 (23%, MUCghy),
216(75%, M*-CgH,S), 201 (93%, 216%-gpy), 185 (46%, CgH,SCHs*(2)),
156 (323), 110 (72%, CgHgSH*), 109 (57%, CcHoS™), 105 (89%, CgHsCOY),
77 (1008, CgHsh.
131
I.R.(CCL,): v=1722, 1439, 1250, 1231 au'l.
- LH-N.M.R.(CDC13) : § =2.65 (s, 3H, CH3), 3.85 (s, 3H, COOCH3),
: 7.2-7.6 ppm (m, 10H  om).
w M.S.m/z=250 (18%, M'-CgHy), 235 (168, 250%-CHj), 216 (82%, M*-CgHgSH),
201 (643, 216*-CH3), 185 (46%, CgHySCgHs'), 110 (18%, CgHsSH'),
109 (17%, CgHgst), 105 (100%, CgHsooh), 77 (51%, Cghs™).

~

arom)

arom) .

&
.

Detemmination of the Mechanism

1,3-bis-Trimethylsiloxy-l-methoxy-1,3-butadiene (0.250 g, 0.962

mmol) was dissolved in a mixture of 2,2-dimethoxyphenylacetaldehyde (0.162
g, 0.961 mmol) and COCl3 (2.0 mL). The solution was cooled to ~50°C under
an argon atmosphere and T1Cl4 (2.0 M solution in CDC13, 0.23 mL, 0.45
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mmol) was added and 3 spectra were taken at ~10 min intervals using the
INEPT pulse sequencé in the 29si-N.M.R.. Each spectra required
accumulations of ~7 min (the time indicated on the following spectra is
the time at the half-way point of the aquisiiion). More TiCl, (2.0 M
solution, 1.25 mL, 2.50 mmol) was added and a further 3 spectra were
taken. There was no change in the spectmm following tae acquisition of
the third spectra.

The reaction was worked-up in a similar fashion to that of compound
119 (vide supra) and l1y-f.M.R, analysis confirmed t}'le presence of the
hyd;oxycyclopentenone system. ‘Four peaks were observed which correspond
to the silyl enol ester (a) and silyl enol ether (b) of the starting
material, the chelated silyl group of the intermediate (117) (¢) and
chlorotrimethylsilane (d), the product of the reaction. As the spectra.
were obtained usiné a decoupling pulse sequence, all of the observed peaks

were singlets. LT
2951 -N.M.R(CDCL5)
1,3-bis -Trimethylsiloxy—-l-methoxy—l ,3-butadiene
£ =<0 | '
§ =2i.81 (1.0 8i, a), 16.2 (1.0 si, b).
£ = 6 (after the addition of 0.5 eg of TiCly)
§ =31.6 (0.2 si, ¢), 21.81 (1.0 si, a), 16.2 (0.8 Si, b).
t =20 . )
¢ =31.6 (0.2 si, c), 26.1 (0.06 8i, d), 21.81 (1.0 si, a), 16.2 (0.74 Si, b).
t=31 ' ‘
§ =31.6 (0.23 Si, c), 26.1 (0;15 si, d), 21.81 (1.0 si, a), 16.2 (0.62 Si, b).
t = 40 ( a further addition of 2.5 eq of ;I‘iC14 takes place at 37 min).
é =31.6 (0.34 si, ¢), 26.1 (1.46 si, d4), 21.81 (0.2 si, a).
t = 54 _
§ =31.6 (1.64 Si, o), 26.1 (0.36 si, @). '
t = 65 ‘
§ =31.6 (2.0 Si, c).. -
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“ Claims to Original Work
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1) A new method has beeﬁ developed for the formation of acetals.

T B

This method makes use of inexpensive and readily available trimethyl- -

Rt R T | P TR S

s £ SRR LB s 12

chlorosilane. The reaction displays chemoselectivity; methyl acetals are

f’ only fo;med from electron deficient carbonyl groups, such as those ‘;rith

: carbonyl groups at the o-position. Most other carbonyl groups are

d readily'converted into the corresponding dioxolanes under mild conditions,
- .

2) A new method for the -formation of carboxylic esters has been

{ devéloped. This method also makes use of chlorotrimethylsilane. The

. reaction proceeds under very mild conditions (the methyl ester of 6-
aminopenicil lanic a:)ld was formed 1n 84% yield without concomitant
scission of tne delicate B~lactam bond). Those esters whicn are usually
réquired in synthesis, that is, the methyl, ethyl, bénzyl ard 2-trimethyl-

silylethyl esters are readily accessible by this method. The reaction has

T TR

been shown to proceed via-the silyl ester (based on 2955 _N.M.R. studies).

3) The reactivity of a series of electrophiles towards 1,3-bis-

t:rimethylsiloxs/—l-—methoxy—l,3-butadiene has been evaluated. The reaction

. ‘lsequ?es forh the syntheses of a variety of dielectrophiles in a 1,2

relationship haVW@ been develaped and modified fram literature procedures.
The relative order of reactivity has i)een shown to be; ' : !
<

RC(CL) SCgHs > ArCOCHO > ArCOCHO > RC{OCH3) 5,RC(OCH3) SCgHs > RCHCI,

- k3

The nucleophilic enol ether reacts exclusively at the y-position with the

5 | | -
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exception of the a-ci‘lloro phenylsulfide electrophile.

- 4) The dialkylation of 1,2-electrophiles has led to a novel rc.;ute" to
> . hydroxycyclopentenones (2-carbomethoxy~4—~hydroxy-3-phenylcycl opent~2-en-
one)' which have the same substitution pattern as the prosé'aglandins

skeleton, éuggesting a possible route to these syntheticaliy interesting

campourds.

5) The mechanism of these dialkylations has been shown to proceed in
a sequential manner (based on 29Si-M.M.R. studies). The enol ester reacts
first at the Y -pesition to generate an intermediate which is chelated to
the TiCl, catalyst. The thus-formed enol et?r;er then reacts to give the 5-

membered ring (a deketalization occurs at some intermediate stage in the

reaction, Scheme 4.2). ) .
TMSO OTMS
T ClgTigOTMS
TiCl @)
CH,0 OCH, ’ { v + TMSCI
H
Y
O \
TiCly y.bgc ‘
aor Y=Q0KCH;,
\ '
Scheme 4.2
TMSCI
' - 245
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