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A gener.l method for the foz:maéi"" of aœt.ls usA.. chlorofrimethyl-

1 silane has been developed. Dioxolanes a~e formed ~rom Most carbonyl' 
1 , 

groups whereas methyl ace~s...are only fonned fran el.ectron-poor carponyl 

groups. • The intenn~iacJ of a si 1 ieOn-boùGnd car~nYl species is 

discussed. 

The method has been extendE!d to the formatio.p of esters. In a 

solution of the alcohol ta he esterified, methyl, ethyl, benzyl' and 2-

trimethylsilylethyl esters -are readily formed in the presence of chlora­
I 

trbnethylsilane. Osi09 29Si-N.M.R., a trimethylsilyl ester has been shawn 

to be an inteonediate in the reactic 

The Lewis acid catal yzed ' cond of 1,3-b-0-trimethylsiloxy-l-

methoxy-l,3-butadiene with > a va iety of di~lectrciphiles, in a l,~ 

relationship, has been invest1gated. The rèlati ve order of eJ.ectrophi 1 ie 

'reactivity towards th,s can~n1 bas been !ound te be;' ) , 

" 

RR'C(Cl) SC6HS > ArCOCHO > Arax:HO > BC(OCH3) 2,RC.(OCH3) 5Ct;HS > 'RCHC1~ , 
" 

The dialkylation of 1,3-b-io-trirtlethylsiloxy-l-methoxy-l,3-butadienè has 

been shown ~o lead to hydroxycyclopentenones wi th the same substi tutioIT , 

pattern as the prostagJ.arxUns sk~et~n. U'sing 29Si-N.M.R., ~ mechanism . ' 

of this reacticon ha:; be7n shown to proeeed in two ~uential stepsi 

reaction at the y-posi tion takes place _Q.rst to gi va a ti tanium-:-9ound 

fntermediate, the thus for.ned lnteonediat:e then uIXlergoes Ct. -al ky lc:tj:i on to 

~i ve the cyelopentenone canpoum. 
, ' 
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u~e méthode générale pour la formation d'acé'tals employant le 

. chlorotriméthylsilane a été â'~veloppéé. Les ëHoxol~nes sont tormfis à 

partir ~e la plupart des groupements carbonyles al~rs qu~ les acetals)" 

méthyl iques sont seulement formés à partir de groupements carb?nyles 

pauvres en électrons. La présence interméOhre d'une espèce carbo~yle 

liée au siliciume est discutée. 

La méthode, a été éterrlue à la fonnation d'esters. Dans une sol ution 
, . 

de l'a;lcool deQvant être estérifié, ,les esters méthyl ique, ,hYl i'que, 

benzyl ique et triméthylsi lyl-2 éthyl igue sont faci lement formés en 

presence de phlorotriméthylsilane. Une tr}méthylsilyl ester a été 

identifi~ carme intermédiare de réaction par l'emploi de R.M.N. 29Si. 
_ r-

La condensation catal'yséepar un acide de Lewis du b.t.6 ':'triméthyl~ 
o 

siloxy-l,3 méthoxy-l butadiène-t',3, avec divers diélectrophiles dans t.m 

rappor~ 1,2 a. ~té etudiée.4~ L40râre relatif suivant de réactivi té 
<' 

é1ectrophile en,!ers ce_ .canposé aj~té établi; . , ' 

Il a ét,é'deOOntré que la dialkylation du b-i..6-trimé"thylsi loxy-l,3 méthoxy- ;-1 
. , 

l butadiene:-l,~. Irlène à des liyàroxycyèlopéntenones ayant le ~ patron d~ 
't'-.., - ~ 1 
p) C7 '~ ,. 

substit'ution que \le squelette des prostaglandins. Par R.M.N. 29Si, il fut 
r r -

ét'abli que le méchanisme' de cette réaction procède en deux étapes 
~ " \ 

... ,~ ~J r _ ~ \ ! 

séquentiélles;' la réaction en posi tion-Y se produit d'abord donnant un 
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i'nt~~éOiaire lié au titanim, l'inteII'Q~~aire ail)6i 'formé subit alors ~_ ~ 

~ .. 1 _J l ,.;j 

- 'a.'~al~l~Ùon .men~nt 'au composé .~clopenténon,~. ' ,. ,.f.' . v 1 
~ 
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1. INTROOUCTIOl~ 

With the c1arity of vision which hindsight has given us, it is 

possible to observe mi1estones along the path of scientific history. 

These are a1ways associated with men of astonishing vision; Pythagorus, da 

Vinci, Lavoisier, M(iIldeleev, Einstein arxl many, Many more. In the context 

of this thesis, it is a1so appropriate to remember the contributions of 

contempor.ary chemists who have shaped the way in which one thinks about 

organic chemistry; such as, van't Hoff, Barton, Stork, Robinson, and 

Woodward. Wi thin the field of organic chemistry a fundamental change hâs 

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 nuclear 

magnetic resonance. This technique °was dev.eloped by physical . chemists, 

subsequently ·used 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 e1ements in the periodic table. 
" 

For the organic chenist, this change in the perspecti ve of-chanü:~:try 

is reflected in the "total organic synthesis". Presently, extensive use 

is made of main group inorganic am organanetal1ic 1P0ieties. The design 

~ of such inorganic and organometallic reagents for use in organic sy.nthesis, 

has becane an established field in organic chemistry, a situation which 

would not ,have been acceptable even twenty years ago whe~ the barriers 

between chemical fields were quite rigide Of aIl the "heteroelements" 

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

1 



becoming more often the element of choice. Even though the presence c 

si licon in the' final molecule has been of 1 i ttle uti 1 i ty 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 0 

reactions. 

The work upon whi~thiS thesis is' based p.1rsues the study of si licol 

in~organic synthetic reactions. A brief history of sil icon and organo­

silicon chanistry will he out1ined to clarify those properties of silicOI 

which can be exp10i ted in organic synthesis~. 

1.1 The Developnent of Organosilicon Cllemistry 

. Silicon has been used· ~ human ci vilization since ranote antiquity in 

the form of sand, gravel, or clay, ,and later, in the maki~ of pottery, 

vi treous enamel, glass am cement4• AIl of these advancements preceded 

the conception of chanistry as a science. These developnents in the usage 

of silicon surely aro~e from its ready availability**. 

In one of the earliest chemical citation~ of a silicon "species, water 

glass (sodium silicate in aqueous solution) was describe:J by Glauber in 

* -Much of following introduc1;ion is based on references l, 2, and 3, 
li ~ ~ 

and further specifie references to these works will not be made. 

** silicon is the second most abundant elernent in the earth's crust 

al though i t is rarely found in pure forme Assuming a crust of 10 mile 

depth (16 Km), the elanental canposltion was estirnated to be 46.5% oxygen 

and 27.6% silicon5 • 
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16486• At that time, silica was considered to be an element because of 

i ts great stabi 1 i ty. Lavoisier (1743-1794), however, doubted this and 

considered si1ica to he molecular rather than el~Qtal in ~ature. !t was 
9";t--

not unti1 1807 when HF became available that the~eçomposition of silica 

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

silica was converted to H2SiF6 and volatile SiF4' The former COOlpoUnd was 

isolat~ as its potassium salt (K2SiF6). Later, Berzelius made the fir:st 

pure silicon by the action of pot?ssium metal on K2SiF6- He further 

converted the silicon into sili6bn tetrachloride by igniting it in a 

stream of ch1orine. These two materia1s, silicon and silicon 

tetrach1oride, are still most often used as starting materials,for the 

synthesis of organosi 1 ieon eompounds. In 1863, Wohler made silane'and ..., 

trichloro~ilane6 a~d furthe; propaSed that the chemjstry of silicon might 

mimic that of carbon. Friedel and Crafts were also working in this area 

and synthesized the first known tru1y organosilicon' moiety, 

tetraethylsilane, fran silicon tetrachloride and diethylzinc7• Thus, by 
• 

1872, many tetl'avalent silicon compounds had been prepared. The extent to 

which the ch~?n/stry ~f carbon paralleled the è"hemistry of si l icon, 

however, especia11y wi.th respect to i ts tetrahedral'~ nature, ranained to he 

established. 

The modern father- of silicon chemistry is F.S. Kipping. Kipping 

began his re~arch in the hope of isolating an optically active silicon 

species. He was able to show that Grignard rea~nts were very useful for. 

the ~yntqesis of organosi l~nes (Schane 1.1) 8. 

RM;JBr RSiC1 3 

SCheme 1.1 

3 ) , 

. 
i ---
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Kipping also helped elucidate the relationship between the chemistries of 
1 . , 

carbon and siii~on. During an attempted distillation of Ph3SiOH to 

increase its purity, Kipping was onl.Y able to isolate a "sticky mass", a 

s~tuation with which the present author has great sympathy,' that ''melts, 

not sharply, -i"t about lOgO and w~uld seem to he diphenylsilicone"g. In 

his view, this was the parallel silicon compound ta diptienylketone. 

Although this misnaner bas stayed with silieon chemistry, he had in fact, 

isolated a diphenylsilicone oligomer. He eventually realized his error 

am stated "Sa ~ar,. no silicon anaJ.ogue of a ketone has beefl obtained"lO. 

Subsequently,. he was able te iselate the optically active silane'.! which 
9 

showed that the arrangement about a tetravalent silicon species was tetra­

hedral11• 

Et Pr 

, '\i,6,t 
-Pr Et 

l 

/ 
\In light of aIl of his éxperirn~ntal work, Kipping's thoughts with respect 

ta the overall relationship of the chemistries of silicon and carbon were: 

"Even after a very short exper)ence, i t ~as evident that 

correspoooing deri vati ves of the two elements in question showed 

very considerable di.ffetences in their cl1emical properties; it 

m,ç:lY now be sa\d that the princîpal if not the only case in which 

they exhibi t a really ~l~se re~ltce is that 'of the paraffins 

and those particular slilcohydro~a ons, cQntaining a si l icon 

4 
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atan direc~ly united to four alkyl radicals. 

But of far gréa ter ~rtance in any general oomparison of 

carbon canpourxlS with the organic derivatives of si~icon is the 

faèt ,that many, if not most, of the more imI?ortant types of the 

fOII\lfiir are not represented among the latter. Apparently this - is 

not merely a consequence of the insufficient experimental 

investigation of silicon derivatives but ls due to the 

fundamental differences in the properties of 'the atoms of 

'1' db. ,,10' S1 1con an car on r ..... 

D 

Kipping's polymeric nuis~nces (oils r jellies, glues, "sticky masses") 

are the bread and butter of the si 1 icone industry. These compounds are 

presently available as fluids, resins, rubbers, greases and 'so on li, 13. 

They have the unique propez:ties of law toxici ty., stabili"ty over a large 

range of temperatures and stability to a wide variety of chemicals1• 

Li terally thousands of these canpouoos eXlst am their unusual proper~ies 

'make them ubiqui tous in modern society •. 

The si 1 icone industry is the 1eading producer and consumer of 

orgànosilicon products. As of 1978, more than 40,000 silicon contaïning 

compouoos, the majo,rity of them polymeric in nature (silicones), ~ been 

described in the literaturel4 •. The most important silicones, from an 

industrial point' of view, are the dimethylsilicones lS which<~'may be 
) 

obtained directly fran the hydrolysis of dihalodimet.twlsilapes16. These 

. ,latter compounds caq be obtained by the Grignard route of Kipping from 

si l icon tetrachloride but are moré often prepared by the "Direct 

Processlfl7• 'lbis procedure, discovered by Rochow in 1940 and subsequently 

5 
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generate praninantlYl (CHY2S~C;12'" ~~ll thi. most ;impo<,t,. an~ opr~~or in 

.'< the silicone "fié1d, , \ 
" 

in-siricon i; ~h organic The interest context rather than an 

in~Ï-g~i~ pr polyme.ric context, s1;arted sanewhat later. ,''l'ne(ba~ic' orgadic ~-
o ~ • 

ènenistry of siHcon developed Qver a period of about twenty-fi ve years J 

, \ \ . 
following Rochow's d'iscover-V~f tQ~ pirec,ti Process. Ouring this tirne, 

pioneering.research i~anoSil~con derivatives was purs~éd for their 

own intrinsic interest. The availabi1ity of simple organohalosllanes, 
~ 

because of their industrial importance, helped to atimulate the stutfy of 

organos i li con chemistry. 

~t is beyond the scope of this tèxt to discuss the basic organic 

chanistry of silicon, however, Eaborn has described this area in detailla. 

E'urtherrnore, Sarmer' has clear1y elucidated the mechanisms of many siI1lP1e 

'sil~con reactions using chiral silicon moieties19• 
/ 

1.2 COntemporary' Organosilicon Chemistry 

The year 1968 was a watershe:1 in the deve10pnent of organosi licon 

che:nistry. The true'! potential of these compourrls was finally discovered 
~ 

by organic chernists, al though their value had been apparent to silicon 

• che:nists for sorne time. It was the! year when the silicon chanists Eaborn 

and Bott shared their insi~nt on the si 1 icop-carbon bond 20 • Their 

conclusions were as follows: (i) a silyl group lS often more easi-ly 
• 1:-

,displaceQ from a gi ven carbon atom than a 1?roton from.~he correspo~âi~ 
. . 

carbo.n -atom, (this has been subsequently shown to be true only ]Jf thé' 
1 
1 
1 

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

6 
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. present) , (H) a si 1 i~arbon bond 5~i 1 izes a S-carboniln ion roore 
\ 

w . 
. ! ' " .. 

tban a,hydrogen-carbon or carbon-carbon bond, and (iii) whereas 511y1 
. , -

groups ~ave hiclh reactivity whel'l adjacent to a suitab1,e functionality, 

~ ; 
wh~ more remote fran that funct~_(:ma1ity they are usual1y able to surVlve 

mos'!;' reaction condi t'ions used in orgSnic synthes{5. 

The work publ ished in and around. 1968 -al 50 deI ineated some of the 

. major areas of organosi l icém chemist"ry s1;i Il urrler investigation at the 

present t~ For example, Pierce showed the facili~ with which alcoho1s 

cou Id l?e silylated and ctsilylated (Schema .1.2a)2l. However, trimethyl-

sily1 ethers proved tao acid arXi base sensitive, to be of general utility. . . 
It was COrey, who later populariz'ed th~ use df silicon protecting . , 

groups22. Hé developed the reagent"t-butyldimethylsilyl ch10ride and 

( methods for· itS .... introductio~ to and remo~~\l~fr~_. ~lCOhols. (SCheme 

1.2b) • 

,Î '1 
ROH· 

ii 

ii= CH:PH, 
.. , 

R=CH:) 

Scheme 1.2 l' 

petèrson described ~ 1»i1y'1 version pf the ,Wi ttig reaction 

(Schema 1.3) 23. carbon-bound si 1 icon chemistry was explored by Stork a 
, . 1'. 

few years 1ater (Schene 1.4 and 1.5) 24,25,26. 
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Scheme 1.5 

CH pH 

CHpNa 

reflux 

--•• polymer 

As weIl, Stork and Hudrlik described the trapping of enolates with s~lyl . 

groups and showed that lithium enolates coul~ be regenerated 

regiospecifically (Scheme ~.6) 27,28,29. Later, the use of enol si lyl 

ethers for aldol reactions, was developed ~ Mukaiyama30,31. The utility 

df the method was subsequently "expanded ~y Chan (Sch,eme 1.7) 32, among 

others, to include a -alkylation of the parent barbonyl canpo~nd. 
,-
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6 base 

Scheme 1.6 

<il 

OTMS '" 

Cr .. 
.. 

+CI 

TiCl4 

CH2CI'2 

OTMS 

'6 
Scherne 1.7 

TMSCI 

MeLi 

~ 

0 

OTMS 

c 

" o 

, .' 

Another major area of acti 'Je research today is the use of al1yl~ilanes in 

carbon-carbon bond forming reactions (Scheme 1.8) 33,34. This work, 
'\ c:;> 

however, was init-iated by Sommer at a much earlier time than the' \IIork 
o 

mentioned above35. ' 
, . 

r; D 

, CI 

'if' .' AICI3 

KT~~+ 
& 

-~ 
o 

schemè 1.B • 
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1.3 The Properties 2!"Organoeilicon.9Ompounds ) 
~ ~ " . 

The reactions just àescrlbed occur because of\ the unusual properties 
, . 

of silicon, but what proper1:ies does si1icdn possess Which- al'lows these 
o • 

reactions to take place, 'and what advantages does the use of si1id:>n 
~ , 

prov ide? Table 1.1 g~ veS a representati ve 'sampÙng of approx,imate bond 

dissociation energi.es of a series of silicon "arx:l carbori-bourxl species36• 
fI" " 

• 1: 
, '\:. l J-

Table 1.1:Approximate ~ Dissociàtiob Energies ,CO) ~ Si-X and 2:! 
g:: _ 

Bond canpound 0 (kJ!mol,) Bond ~ '(ltJ/mol) 

"" , 

Si-C Me4~i 318 C..:lC 334 
" Si .. H Me3SiH 339 .~ C-H • ~.-!.. 420' 

• 'Ii <' ,,\ 

C13SiH 378 Q , 

Si-o Me3SiOMe 531 
.. ' " . C-O' 340' t-G 

(Me3Si}20 812 : 
0, 

Si-F Me3SiF' _807 C-F :452 

Si-Cl Me3SiC1 471,' C-Cl 335 
" " , 

Si-Sr Me3SiBr . 403 C-Br' 268 

It can be re;adily s~n that whereas siliq:m-car90n and siliçon-hydrogen 

. bonds are weaker than the cor,resporx:ling carbon _bpndS~ the' 'silicon-~xYgen 

and silicon-halogen bonds, ~rticularly fluorine, ~e markedly sttonger • . 
• Another 'fundamental property ta c6n~ider ts el1ectrone9at~ v ity. The 

relati ve electronegati vi ties of sane selected elements are sholkn in Table 1 .. 
1.:237• . '!I , , 
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Table 1.2:Re1ati ve El ectronegati vi ty 

H B C N 0 F 

2.79 1.84 2.35 3.16 3.52 4.0 

Al Si p S Cl 

1.40 1.64 2.11 2.52 2.84 

Ge As Se Br 

1.69 1.99 2.4 2.52 

Although Many different electronegativity ~les exist, silicon is always 

significantly more e1ectropositive 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 attacking 

nucleophile is oxygen-based or a halogen, then silicon-carbon bond 

c1eavage is particular l y faci le. HomolY"tic cleav,age, howevpr, is not . . 

generally observed. 

Carbon-hydrogen oonds C--~ are polarized~the same way as carbon­

si l icon bonds C--Si +. As a resul t, the reacti vi 1;Y- Of the fomer serves as 

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

,;;li. rection, al though not necessarily the rate of reaction. For, ,example, 

just as Ar-H bonds are broken by treatment with electroph!.les,~such as 

branine, 50 are Ar-Si bonds. In the same manner, al thoùgh 8 -eliminatlon 

reactions generall y occur more readi l y in systems' of type B than type A, 

both occur in the same direction (Schane 1.9) 38. 

Nu"\ 

HK~ 
X 

A 

~z 
/ • .. --S-

Scheme 1.9 
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A difference in the reactivity of these two OOoos, however, exists towards 

nucleophilic attack. The C-H bond tends to he more reactive to~ 

nucleophilesjbases of nitrogen arx3 carbon, whereas the C-Si bond 'favours 

those of oxygen and the halogens. Reac:tions of this type are dri ven or 

assisted, to a certain extent, by the formation 'hf 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 

organometa11ic reagents, and hence, silicon compounds can usual1y be ., - ~ 

handled in much 1ess stringent conditions (exclusion of air and/or 

moi sture) than other organometallic compounds. ' 

When one considers Si + -~ versus C--H+ bonds, the relati ve po1ari ties 
" 

are different. As a result, a quite different course of events is 

~ollowej upon ,reaction wi th a carbon baSe (Schane 1.10) 39. 

(C6HS)3SiH + 'MeLi 

<CsHS) 3Ci +' MeLi 

(~H5)3SiMe + ~iH 

(~H5) 3o.i + MeH., 

Schewe 1.10 

Mul tiple bonding has only recen~ly been observed by spectroscopy wi th 

the silicon species l,l-dimethylsilylethylene aOd tri~thylsilyldiazo­

methane40 ,41,42. Brook43 synthesized the first stable silylethylene l. at 

room temperature and pressure ln crystalline form and west44 isolated a 

stable disilene 1. 
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Mef'i) \.. 
Sr=C 

Me~Si~~· . 

2 3 

The 5trength of the si llcon-carbon mul tiple bond i5 5uch that one 

would expect to observe them frequently. For example, the d~ssociation 

.energy of the Sl-C i: -baro in l,l-àimethylsilylethylene was fouoo to he 

34 kcal/mal (142 kJ/mol)~O. Multiple bondlng, however, is still a very 

rare phenomenon in soi l icon chemistry, contrary to the case wi th carbon. 

The reasons for this are probably twofold-:--- First, the bond is extremely 

reacti ve due ta i ts strong pol ari zation, and second, the üeacti v i ty is 
, 

further increased, due to the presence of a relatively low lying 

antibOrrling orbital 39. 
, . 

* il -

Si 1 icon lS usuall y tetrahedral and quadri valent, al though it does 

possess low-lying d-orbitals which could participate in bondirig. One 

~xample in Which d-orbitals'do participate is the anion SiF62-. It has an 
.. " ..... '" 

bctahedral structure which implies sp3d2 hybridization. TneÏ:: is i;üso a 

weal th of information which indicates that valence expansion in silicon 

takes place between ni troge"n and sil icon in compounds such as the 

silatranes i 4S ,46,47,4B, again suggesting d-orbital participation. 
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d-orbitals likely play a role in the reactions of silicon. COrriu, 

for example, bas shown that hypervalent inte~ediates are present in many 

reactions of silicon catalyzed by nucleophiles, especially fluoride49• As 

well, SN2 reactions are extremely facile at silicon and often prooeed with 

retention of stereochanistry"19. As a' resul t of these observations, i t was 

proposed 'fhat d-orbi taIs .interact to lower the transition state energies 

invol ved in frontal attack (resul ting (' n retention), aLthough this would 
.t< , 

.~ 1 

also act to lower those invol ved in backside attack (resul ting in 

inversionf:;O. This propos~l, al though inconcl usi ve, is at ,least 

consistent with the proposaI of d-orbital participation in trqnsition 

state developnent. 

Many of the important properties of silicon have been outlined in the 

prev ious paragraphs. A 1 ist of the more pertinent ones which could be \ of -...., 

use to the organic synthetic chemist wou Id include: (i) strong bonding to 

oxygen am the halogens, (H) electropositive ':charactedstics; wh~ bonded 

to carbon the polarization is intermediate to a C-H and a C-metal bond, 

and (iii) onlya small propensity for multiple bonding. Two other 

-----important properties of, silicon which should also be _mentioned are; the 

ability to' stabilize a carboniun ion in the e -.position, th~ so-called e­
effect, and te stq.bilize a carbanion in the Cl-positionSI• 
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1.4 The Utility of Silicon Reagents ~ Organic Chemistry 

Regardless of the limita:i understandirlg' of the mode of reactivity of 

" sil~con, it has been utilized by organic chemists in four different ways: 

(i) silicon compounds are used to promote specific reactions, (if),., 
...... 

si l icon is employed as a "ferryman" 1 Col v in's52 term, whereby i t 

participates in a reaction sequence as follows; silicon is introduced into 
\ 

the compourxI, remains dormant until required, allows a specifie reaction 

to occur, and then i5 removed, thus carrying with it, to the molecule, a 

specifie reaetivity; (i1i) silicon i5 used ta protect functionali~ies 

from reacting, in particular hydroxyl groups, and (i v) si l icon i5 

introduced into a compound-for its own intrin5ic value. While the latter 

is an almost neglected field, organosilicon ccmpounds are beginning ta be 

used in the pharmaceutical industry. At least two drugs are presently in 

clinical testing and show superior activity ta the the corresponding 

carbon analogues 46 ,53. The experimental work upon which this thesis is 

based focuses upen two of these approache5. In the first chapter, the use 

qf trimethy:lchlorosilane as an àgent to prornote acetalization and 

esterification is evaluated (type (i». In the latter part of the thesis, 

the ~xploitation of silylated enolates in a ring formihg reaètion leading, 

ta cyclopentenones is described (type (H». 
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2. ACETALtZATION AND ESTERIFICATION 'PROMOTED BY œLOROTRIMETHYtslIANE - -

In ~ ~etic organic' SCh~, selecti \fi t~ is of primary impor~ance. 
Reasonable yields cannot he obtained if reactions are taking place at more 

than one site in the mol ecu le. Therefàre, the protection of aIl 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 selecti vely to gi ve a projected substrate that is stable to the 

projected reaction, (ii) can be removed selecti vely in good yield by 

readily available, preferably non-toxie reagents that do ·not attack the 

regenerated' functional group, (iii) forros a crystalline derivative 

(without the formation of new chiral centres) that can be easily separated 

from side produets associated wi th i ts f.ormation or clea\fage, and (i v) 

sl10uld have a minimum of ërldi tional functional i tY. -ta avoid further si tes 

of ·reaction54 • 

Two groups which must very often be protected are the carbonyl and 

earboxyl çroups. The protecting groups most frequently used for the 

,... "\ protection of these functional i ties, whieh fuI fi l qui. te weIl the 

requiranents listed above, are acetals aoo esters, respectively. There is 

. a need, therefore, to devise methods for the fOIJrtatioh of these protectèd 
\ . 

substrates. Such a method will be the focus of the following chap!:er. 

2.1 TRIMETHYLSILYL-BASED ReAGENTS 

Silicon reagents have beerr used to promote a variety of different 

.. 
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transfor.mations under very mild conditions. Tb delineate their reaetive 
t . 

" properties, a description of sorne of the more useful reactions pramoted by 

trimethylsilyl moieties, which do ~ot inv.olve the isolation of a silylated 

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

2.1.1 !&er and Ester Cleavage 

" The formaI replacanent of the proton of a range l of inorganic ac:ids by 

the trimethylsilyl moiety gi ves a group of reagents which can behave as 

hard acids, particularly in reactions where silicon-oxygen bond formation 
, 

takes place55• Perhaps the mo'st widely used reagents of this type are the 

iodo-, bromo-, and trifluoromethylsul'fonyl- (tdflate) trimethylsilanes. 

~11 three can ~e readi1y synthesized and their only disadvantageous 
, , 

property i5 an extrane sensitivity to moisture. Beca~e the anion of the 

parent 'acid is a soft base/good nucleophile, it can attack, for example, 
\ 

an ether molecule at the carbon atom carrying the now complexed oxygene 

This leads to dealkylation or deoxygenation dependi,ng on the fragment . . 

being followed (Schanes 2.1 anj 2.2)56. 

OCH3 
y 

TMSY OCH3 

OCH3 ~ 
'j 

• y 
OCH3 

, Y=CI,Br,1 

Schane 2,1 
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R--,......O·, . 

R~ 

TMSY rR . --_a ~OTMS 
lR~ "') 

R,OTM_S __ --+ 

R~Y H20 

Scheme 2.2 

y- . 

RyOH 

R~y 

.$ 

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

pseudohalohydrins) can further react to give ~ allylic alcohols (Scheme 

2.3) 57. 

seheme 2.3 

Related processes can take place 'IIi th carboxylic esters as well (Scheme' 

.) 
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and acetals~l, 'trimethylsilyl iooide is the reagent o~ choice because of 

i~s high reactivity. In general, igdides or a -iodotrimethylsiloxides are 

formed which in, themsel ves are good synthons for further mçdification 

(Scheme 2.5). These reactions gênerally proceed in good yield under 

relati ve'ly mUd conditions; they are performed ,in aprotic media which are 

oeutral or mi IdIy acidic._ 

. -
2.1.2 Carbonyl Mdi tion çantx>unds 

~ 

Trimethylsilyl compounds cao also react wi th carbonyl compounds in a 

1,2-seilse,62 or wi th o., B -unsaturat~ carbonyl ccmpounds in a 1,4-sense 

(Scheme 2.6) 63. 
-;-

. 

, 

RCHO + TMSI - RCH(OTMS> 
1 

.-: - 1 
" . 
-

r\ -J 
. TMSI 

OTMS 

R~ 1 , . 
"R" 1 

Scheme 2.6 

From silylated iodohydrins, enol silyl ethers can be formed in t~e 

presence of a base under mild candi tions; remarkably, enol ether formation 
\ 

takes place over ester cleavage in bifunctional sÙbs~rat~s '(Schene 2.7) 64. 
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D™S .. 
(TMS)~NH; 

9 

o , . 

~ 

OTMS' 

Although iodotrimethylsilane urrleigoes carbony1' addit;ion reactions witt 
~ • \ .. l() 

facility, 'the reaction with cyqnotrimet"hyls·i!ane is far inore useful . , 

synthetically (SChene 2.8)65. Either thenna1 66 or catalyzej67 conditions 
. . 

lead to the silyl ether$ of the cyanohydrins. 

TMSCN. 
, 

Ll or catalyst , 

yOT~S 
l'eN 

o " _ NèV~.TMS 
R~:R,_f_f _ .. , R~ R' 

. , 
Scheme 2.8 . 

l ' 

o ~e synthetic uti i i ty of these canpourrls arises fran the ease of formation 

) 
;1 

,.) 
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DIBA'l 

o @ 

R\/OH 

~I'CHO 
Scheme 2.10 

.. 
2.1.3 Ether am Ester Fonnatlon 
~ --- ~ 

Although many other examples of réactions prc:moted by trlmethylsilyl 

reagents exist, the preceeding two groups of r~c't;.ions are ,il 1 ustr~ti ve of 

the reactl vi ty of the trimethyl:ilyl group. In eth~ and ester cléavagé, 

. dealkylatlon-de'oxygenation takes place becé\use of the stabLti ty of the 

si loxane bond formeà during the reacpon. All of the carbQnyl ëildiÜon ,. 

reactions oceur beeause of the strong attraction of the si 1 idon for the 

carbonyl oxygena It is ironie, , therefore, that the oxophi l ici ty of 
, , 

silIcon, the preference of Si.11con for the carbonyl oxygen, and the 
'" 

faci li ty for the formation of !\i loxane bonds, can lead to carbon-oxygen 

bond f'ormation rather than the carbon-oxygen bond eleavage described 
, , 

. above. Whereas t~imethylsilyl bromide and iodide can r~adily eleave all5Y1 
• • <;) 0 "~ 

càrbon-oxygen bonds in esters'and ethers, chlorotrlrnethylsilane* can he ' 

* Al though I.U.P.A.C. nomenclature ~adOPted chlorotrimethylsilane as 

the correct name1l9 , trim~thY1ChlOr~~il n~ and trimethylsilyl chloride 

will also be used interchangeably th ouçJhQut this thesis. 
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u.sal to pr?Dote acetal (ether) an:3, ester focnation. 

2.2 '!HE SYNTHESIS OF ACETALS AND KETAt.S USI~ OiLOROTRIHETIm,SILANE" , 
- - -~ 8 

, " 

a-Keto-acetals can be used aS e1ectrçphi les' in condensation 

'\ reactions w~th ~~ol si1yl ethers. In these condensations, acetals are 
n , 

emp1 oYed, to replace unprotected, carponyl groups. They are usually 

reacti ve enougl'1 te; un::3ergo alddl type œact;ions but are less reacti ve t:han 

unprotected ,carbonyl groups. This allows sorne product control in the 

reaction (see Olapter 3.4 aOO 3.6-3.8). '!bel tiadi tional .. methods of ~tal 

synthesis usually invol ve the reaction of a carbonyl compound wi th an 
" ' 

alcohol, umer acidic condl tions, uti lizing el ther ·phYsica1 or chemical 

. dehydration (Scheme 2.1:2) ,71. 
, " 

-- , 
R"OH - .~\?Rn 

l'oR" R • 

R"OH 

l ' 

Scheme' 2.1i 

~rin; an ~ttE;!mpt to' syn<thesize the,~ïmethyl ace't;:al* of p~yi91yox~1 -
, . ' , ' 

t . ' .. 
~ i, Trost's acetalization ,pr0C7ed~e was enployed. It entailed' the 'USe of 

,. , 

* As a res1,l~~ af I.U.~.A • .a. lCu,le C-331.1, the ward ketal has been­

removaj fran the chemical voc~uiary71. An acetal may now descril;x! the 

"ge.m,-dial}toxide fO?=BIèd >,from ,ei ther ~n aldehyde or 'a ketone'. For the 
" 

pur!~se of this thesis, hawev'er, ,the tradi t'ional nomeI)clat~re will 'be 

used.' That is, an acet~l is the ~ e.~ialk9xi~ fomte1 ,fran an al~ehyde, 
," ~, 

arxl "a ketal is that fOrmeÇ fran a 'k~tone .. 

: 'J 
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amnoniun chloride as the acidic catalyst and trimethyl orthoforrnate as 'the 

dehydrating agent72• The work-up was perfoDmed in a rnildly basic aqueous 

solution (Schene 2.l4a). It became apparent, however, that the method of 

Trost was inadequate for our p1rposes. A yield of only" 48% was realizedj. 

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

associated wi th product' isolation from an aqueous sol ution. It was 

o~v,ious that a more efficient reaction was required. 
a 

As acetalization is an equilibrium process, the simplest way to 

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

removal of water. It seerned probable that a si licon' reagent rnight 

effecti vely mediate this relati vely simple reaction. It is weIl known 

that a silicon species with a relatively labile bond will rapidly forrn a 

silicon-oxygen bond on' exposure to water18• This ·is a consequence of the 

o strong si 1 icon-oxy~~n bond (112-117 kcal/mo1, ,469-490 kJ/mol) 73. For 

example, the organosilicon halides, with the exception of ',the fluorides 
, 

~ 

for which the equilibriurn lies far to the 1eft (Scheme 2.12) 74, are 

rapidly hydrolysed to fom sil~nols75. For the less substituted si1anols, 

condensation is spontane'Ôus; silanol itsel f has never been isolated76 ... 

ÇJooer acidic or basic corXIitions other silanols condense to forro disilyl 
, , 
,ethers (disilox~es) in the ~se of monoHalo-organosilanes, and silicone 

oliganers anQ polymers fran more highly halogenate1 species77• 
l 

Scheme 2.12 

It was anticipated that trimethy1chlorosi lane wou1d he an effecti ve 
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dehydrating agent, as it i5 known to form, essentially irreversibly, 

hexamethyldisi 10xane upon hydrolysis. There are other predictab1e 

advantages in the use' of this reagent. First, ~ydralysis of the silyl-
1 

chloride would generate hydrogen chladde (Schane 2.13), Ln .bau., which is 

expected to catalyse the reaction. Second, the disi1oxane, which would be .. 
subsequently fo:z:med, is volatile enough tO be removed under a mild vacutm. 

(~3) 3S~OH + HCl 

, 'lMSCl 

(CH3) 3SiOSi (CH3) 3 + H20 

r' 

SChane 2.13 

\ 
2.2.1 Acetals ~ Acti vated Carbonyl COnp?unds 

By simply stirring freshly distilled phenylglyoxa11 in a solution.'of 

rnethanol and 2.2 equivalents of .trimethyÎsilyl chloride (Method À), at ~ 
. . 

roan temperature, a., CI. -dimethoxyacetophenone .§. is obtai~ in 83.% yield 
, 

after distillation (Schene 2.14b). It is clear th~t sufficient activation 
, 

occurs when ketones, esters or dichloroalkyl groups are located adjacent 

to the carbonyl group, with the exception of arQtlatic ketones which will 

be discussed later. Acti vatiun is provided by the presence of an electron 

wi thdrawing group in the a. -poai tion to the carbony1 group to be 

acetalized. This methodology, t!\e use of trimethylchlorosilane as a , 
dehydrating agent and a rneans of'generating an acidic catalyst, with 

methanol as the sol vent,'. appears to he 'a general roüt~r the preparation 
. 

of dimethylketals or acetals fran acti vated carbo~yl canpounds. Table 2.1 
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shows examples af acti vated CQ:arbonyl callpoums acetalized in 
, 

NH Cl 

~. 
0 

H 
CH30H 

~ 
i, (CH3)3SiCI 6 

Schane 2.14 

At the completion of the reactian, as judged by T.L.C. or G.L.e., it 

is quenched wi th base. Essentially two methods are used ta wark-up the 

reaction. In the first methad, the reaetion mixture is braught ta 

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

methoxide in methano1 78• Most af the sol vents are removed umer reduced 

pressure" am the residue is dissal vErl in ether, fi l tered through Cel i te or 

silica gel and, the so~vents are removed -<.1'1. va.C.UO. '!he erude ,residue is 

then purified using flash 79 or mesh80 ehromatography, frae,tional 
.~~ 

distillation, or Kugelrahr distillation. This method protes especially 

advantageous far water soluble molecules, such as 1,l-dichlaro-;;;.2,2-

dimethoxypropane 13, with whieh aqueous wark-up results in mueh lower . - \ , 

isolated yields. In the secam method, the reaction is quenehe:l wi th a 5% 

a~s sol ution of sodium bicarbonate. 'I11e so'l ution is extracted wi th 
\ , 

ether, washed wi th water and brine, am the ether extracts are dried over 

ei ther Q(1hydrous magnesium or sodium sulfate. After fil tration and 

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

purified as described above •. 
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Tab1e'2.1:Examples·of Acetals Prepared fram t~e Precursor Activated Carbonyl Compounds. 

Entry sta~ting Mate~ial Product (ccmpound Yield Method Equiv. b.p~~brr (m.p.)oC. Ref. 
N\.1l\ber) c 'IMSC1. Fou 00 Literature 

1 PhCOCHO PhCOCH(OCH3)2 6 83 A 2.2 89/.62 101/4.5 147 

2 p-CH3PhCOCHO p-CH3PhCOCH(OCH3)2' 8 98 "' 108-ll~/1 148 A a 2.2 

3 PhCOC()(:Oj3 PhC(.OCH3)2COOCH3 10 55 A abc 2.2 

4 CH3COC(X)CH3 CH3C(OCH3)2COOCH3 11 92 A a 2.2 62-63/12 78 

5 Œ 3mcHC12 CH3C(OCH3)2CHC12 13 71 Aad 2.2 14'9 

6 , 0I3COCOO13 CH3C«X:U3) 2COCH3 14 91 A 2.2 58/28 145-6 150 
-

7 CH3COCOCH3 Œ3C(OCH2CH3)2COCH3 15 60 A 2.2 70/23.5 163-:-5 151,331 

8 CH3(CH2)6COCHO CH3 (CH2)6COCH (OCH3)2 17 76 A 2.6 96":106 152 

9 ... 19 84 1\e 2.5 153 

0 ...rI ~O 

a. Purified using flash chromatograph~,(16g 40-63mm. silica, E. Merck, ethyl acetate-hexanes mixtures 

used as the e 1 uent) • 

b'. Yield after correction for recovered starting matedal was 74%. 

c. AlI new cOrnpounds were characterised by proper spectroscopie analysis, and P-Irity ascertainoo by , 
GC/MS~- See experimental section for analytical details. 

. , 
d. G.C. Yield. The isolated yield was 42%, due in part to the high volatility of the pnoduct. 

e. The ratio of the 3:2 methyl ace'tal was 83:17. 
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2.2.2 Acetals ~ Onactivated Carbonyl Canpcuoos 

Unactivated ketones and aldehyèes p~ove to he completely resistant to 

methyl acetal formation in the presence of chlorotrimethylsilane' and 

methanol. It is possible, however, to for:m 1,3-dioxolanes in the presence 

of ethyfene glycol under otherwise identical conditions (Method B). 

Surprisingly, in methanolic solutjon with cyclohexanone as the carbonyl 

compound, for example, formation of the ethylene ketal 26 is observed, - . 
wi thout concani tant formation of the dimethyl acetal {SCheme 2.l5}. This 

characteristic of the reaction would allow one to selecti vely form a 
\ . 

methyl acetal from an acti vat9éi cltjrbonyl group in a MOlecule al 50 

conta,~ning unacti vated carbonyl groups. 

n 

o 
Scheme 2.15 26 -

Many 1,3-dioxolanes are isolated in higher yields when the reaction is 

carried out ip_refluxing methylene ·chloride (Method C). The work-up and 
, ~ 

Purification procedures are very .similar to those described above for the 

acti vated carbonyls (Table 2.2). 

Aroma,tic carbonyl compounds, wi th or wi thout acti vating groups 

present, prove to fOIm dioxolanes extranely slowly wi th trimethylsilyl 

chloride. For example, benzaldehyde the most reacti ve of the aromatic 

compounds tested, requires a much longer reaction time to f~~ the( 
1 

corresponding' dioxolane 20, than do the al iphatic compounds mentioned 

... \ 
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Table 2;2:Examples of Ethylene Acetals Prepared fram Precursor Carbonyl Compounds. 

Entry 

1 
2 

3 
4 

5 

6 

7 

8 

9 
la 

Il 

\ 
~ 

Starting Materfal 

phœo 

PhCOCH3 
, PhCOCH2C1 

PhCX.'lCOCl2 

CaH170f0 . 

, atCOCOCH3 ,,' 

n 

OH 

product (canpouoo 
/ 

phal (OCH2012O) 

PhC(OCH2CH2O)CH3 
PhC(OCH2CH20)CH2C1, 

PhC(OCH2CH2O)CHC12 

... 

CSH17CH (OCH2CH2O) 

[CH3C(OCH2CH2O)]2 

/ 
n 

~ /OH 
0/ ~ 

Nl.Inber) 

20 

21 

23 

2S 

26 

27 

29 

30 

Yield 

64 

77 

78 

99 

78 

83 

95 

64 

'" 99 

95 

Method Equiv. o' b.p./torr (rn.p.) C. Ref. 

TMSCl. Fourd Lit,erature 
.. 

Ba 2.2 107-8/13 154,155 

D a 2.2 

o.b 6.6 (61) . (61) 156 

Db 4.4 (90) 157 

Db 2.2 (58.5-59) (59-6~ 159 

B a 2.2 174-80 159,160 

Da ' 2.2 .., 

B a 2.2 141-2/40 161 
Cc 2.2 117-35/14 
Cd 2.2 (90) '(90) 162 

(90-2) 83 

---

~ 
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HOtjH .. 12 riboàe 32 12 Eae 4.4 - -- 163,3~O' f 

'w 
; 

Il 
N 

0 0 

13 glucose A 
33 86 E .ae S.l (159-60) (160-1) 137 

po HI"\ . 
" 

HO 
• . ., 

\1 Il , 
1 
l' 

1 
\_q <) . , .~~ " 

" • 14 uridine 34 88 E ae 2.2 (161-2) nS9-60) '139 

HN:J 
. J: O~N .... °rJ 

)(0, 

,...--. ,n 
,,<' 

", ,~ 



r--. ,.. ... 
l' 

i 

1 , 
1 
1 l" 

15 'rn (+ 17% 36) 35 91 F af9 3.7 145 o 0 OH 

~ 
X 

r 
HO HO OH 

~ i rn f 
~ 

16 HO ·0 0 (+ 10% 35) 36 " 51 Fafh 2.9 145 

·X 
a. Purified using flash chromatography (169 40-63mn. silica,. E. 'erck, -ethyl acetate-bexanes mixtures used as 

\ 

w w 

~ , 

b. 

c. 
d. 

e. 

f. 

9· 

h. 

~ the eluant). 

Recrystallized fram methanol. ~ 

Purified using Kugelrohr distillation. 
Recrystallized fram hexanes. 

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

Reaction temperature was -90oe. 
Reaction temperature was ambi~nt. 

,1 " • t .. _____ _ 
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above. The isolated yields for both the aromatic and al iphatic series of 

ccmPoundS, however, are similar. Even though forcing the equillbrilln to 

the right by the use of a greater excess of chlorotrimethyl~ilane resul ts 

in shorter reaction tirnes, no diff~rence in the isolated yield of the 

final product can be detected. 

The activating effect by electron withdrawal fran the carbonyl centre 

could also be noted for the formation of' aèetals fran arcmatic carbonyl 

èompoundS. Table 2.2 1 ists experimental resul ts which indicate!:ha~ the 

amount of chlorotrimethylsilane required to effect the transformation 
\ 

decreases'with the increasing activ~tion provided by the electronegative 

chlorine atems within the series of ace.tophenone 21, a -ch19roacetophenone 

23 and ex, a -dîchloroacetophenone 25-. These reactions are done in 

ethylene glycol since the reaction proceeds more slowly in ether sol vents 

(Method 0). 

2.2.3 ~ Attempted Acetal i zation of a, B -Unsaturated earbonyl canpounds 

1 

W-i th many methods of acetal ization, the conversion of cyclohex-2-
,. 

enone to its acetal, for exarnple, is acc~panîed by an undesirâble shift 

in the position of the double bond8l• Thus, this conversion is one way of 

evaluating a new i~aliZatiOn procedure. A report in the literature 

describes the use of pre-silylat'iad alcohols (Scheme 2.16) for the 
, 

formation of the ethylene acetal of cyclohex-2-enone82
A Since the 

experimental coooitions are reasonably similar to'::those of acetalization 

with trimethylchlorosilane, it was anticipated that the latter reaction 

~uld proceed smoothly. However, the reaction of cyclohex-2-enone wi th 

ethylene glycol, uti 1 izing chlorotrimethylsi lane under a variety of 

34 
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c 

le 

candi tions, fa'ils to 9i ve the desired dioxolane. Similar attempts to 
.... 

synthesize the dimethyl acetal using methanol also fail,ed; al thou9h there 

is the possibili ty that 1,1,3-trimethoxycyclohexane is fonned (see 

exper imental section). 

n 
TMSO OTMS 

.. 
TMSOTf 

Scheme 2.16 

1.\ 

A pseudo o., B -unsaturated CClTlpou~ is 2-met~yl-1;3-cyc1opentanedioœ 
'-

29, which exists predominantly in the enol form (83% as determined by lH-
4 

N.M.R.). The acetalization of this compound, with cataJysis byp-

'toluenesulfonic acid in the presence of ethylene glycol, is reported to 

9i ve a mi xture of a , B -unsaturate:3 products (Schene 2.17) 83. 

& 
'. 0 -

29 

o 0 . ï . 
.==- , 

o 
30 Schane 2.17 'li 

.' 

3S ) 
~/ 

1 

l 
1 
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l 

When this reaction ls pranoterl with 'chlo~otrimethylsilane, the monaneric 

product 30 can he ,isolated. This suggests that the reaction is, cata1yzec 

by the hydrogen chloride fonned .in -6'Uu from trimeth~lchlorosi 1ane, 01: 

that the mechanism in the presence of the trimE;thylsilyl group mimi cs 

acidic catalysis. The dimeric product 31 could nat be isolated, although 

this undoubtedly ari,ses from the eXPerimèn-tal conditions used (10 fold 

excess of ethylene glycol). 

2.2.4 ~ FotmatiO~ Est~is 

A ~ial case of acetalization is the conversion of an ester te an 
~, ' 

ortho. ester, a reaction not known 'to occur in an alc9holic solution under 
/ 

aciqic conditions84• However, work.with silylated ethylene glycol has 

been shown" t~ resul t in formation of spiro-ortho lact~nes (Schane 2.18) 85 
r . 

and it had been hoped that this type of reaction wou Id. also take place in 
, 

the presence of chlorotrimethylsilane;. Unfortunately, chlorotrimethyl-
\ 

silane fai1s toI induce the transformation of methyl benzoate 39 to -
trimethylorthobenzoate 2Z either in the' pure alcohol or in a solution of 

the a1cohol in dry tetrahydrofuran (S~heme 2.19). As dioxo1anes are 

forroed more readi 1y than methyl acetalQs and aromatic carbonyl groups, 
'II 

acetal i;z;e more sI uggi~hly than al iphatic compounds, the corresponding 

conversion of an a1iphatic ester to an aliphatic spiro-ortho ~ster would 

appear to be more promising. However, the attempt to forro 2-benzyl-'2-

methoxy-l,3-dioxolane ~ frem methxl phenylacetate 46 was unsuccessful 

(Scheme 2.19). Since trimethylsilyl chloride and other acids fail to 

catalyse the reaction, i t is conc). uded that the difference' in the 

relative stabiJ,jties of the products W reactants is such thàt a shift in 
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the equilibrillll to the right cannot take place. 

a 

OBn 

-

CC
COOCHJ 

. " I~ 
39 

n . 
TMSO OTMS 

TMSOTf 

Scheme 2.18 

TMSCI 
H .. 

TMSCI 
If .. 

Scheine 2.19 .,. 
2.3 THE MEOIANISM OF ACETALlZATION -

57 -

OSn 

The mechanism of acetal hy~rolysis has been far more thoroughly 

investigate1 that, tha~ of acetal fo:cnation. As a resul t, the following 

discussion will draw inferences fram the mechanism of the hydrolysis 

reaction aOO attanpt to apply them to the case of acetal formation. The 

mechanism of the hydrolysis of. acetals (Al) has be.~n weIl stucUed and 

follows the scheme shown below (Scheme 2.19) 86,87. Of particular .. 
o 

importance are the relative magnitudes of the equilibrium constants 

between the intermediates and as weIl,. the determination of the rate 

determining step. The latter has been the focus of ~ome controversy. 

Some of the problems which exist in ~he determination of the relative ( 
\ 
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rates of reaction arx3 equilibriun constants, especially ih the stuiy 

acetal fomation, arise as a resul t of the properties of the inter;med~at 

and thIi! acetals themsel v es. 

• R"OH" 

= 

t 
. OH 

-A R R 

H " HO

X
+ OR 

R R' 

2.3.1 Hemiacetals as Intermediates in Acetalization 

That hemiacetâls are intennediates in agetal formation 15 well 
, 

dOC\:ltlented, . al though the extent to which hemiacetal fO:tI!lation oœurs for 

sorne carbonyl compounds r'emains contentious. Studies which have œen 

undeJ:taken have uti 1 ized the measurements of the heat of reaction88 , 

/' 
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.. 
,. deviationf? fran additivity of the refractive index 89 ,90,91, IH_ J 

N;'M.R.92,93 , a~d the extensivé'm~asurement of u.v. absorl::fances94• Thel 

extent Gf hemiacetal"formatfon in a variety of neutral alcohol~ -;S,I 
fi' 

docunènted !n Table 2.3. 
15> \ 

It is evide~t fr;'" the data i? Tabl(î3' that steric ,effects ~re'quite 
important. An .increase in the s"eeric\ ·b~l}t. at' ei ther the aldehyde or the 

alcohol' decreases the cEOunt of heniacetal formation. 
, ' 

Electronic' effects are even more significant. : Haniacetals have been 
. 

iso1ated {n only a few cases, such .as chlora1 97 22" cyclo~ropenone98 .2Q. 

am et:hyl g1yoxylate99 61; 
r 

. , 
" , ; 
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Et0V'1 

HO"'J 

60 

Et~ 
CHCOOEt 

Hel 
61 

for which the stabilization is attributed to an electron deficient parent· 

carbonyl compo~nd. This re1ationship has been further explored by a­

quantitative study of 'the promotion of hemiaceta1 formation by halogen 

substitution100• Hemiacetal formation in ethanol, observed using u. v:-
's~oscopy, strongly increases with successive chlorine substitution in 

'_ the followi~ series of canpourxlSi acetaldehyde, mOQ.ochloro-, dichloro­

anà trichloroacetaldehyde. . . ' 

... ' 

Hemiacetals -have also been isolated whose stability is due to their 

cyclical structure (62, 32 and g> 101,102. The weIL known yariety of 

" 
m:able cyclic sugar5 fall int?> thi5 category. 

. 
< 

62 

loJ 

32 

OH 

63 

2.3.2 " Oxocarboni\Jl\ ~ ~ Intex:mediates in Acètal l zation, 

u 

Another intermediate whicQA'proves elusive to detection 15 the 

oxocarbonium ion. The postulation that the reaction goe5 via this 

întemecliate ischene 2.21a) ,rather than the nucleophilic:: pathway (Scheme 
, 

2.2 lb) 'is supported by the following obseryatior:sl03,I04: (i) acet,als are 

extremely resistant ~t<? nucleophilic ·q.~tack by_.hydroxide or pther 

.. 

/ 

, !, 

r -
40 
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• 1 

nucleophiles, (H) the volumes of acti vation for the acid catalyzed 

hydrolyses of dimethoxymethane, dimethoxy and diethoxyethane are close to 

~ero or slightly positive86,105, (iii) the ~ntropies of activation' for the' 
. , 

hydrolysis of mëlny acetals and ketals are near~;Z,.ero or slightly 

posi ti vel06, (i v) sterie effects are of secondary importance in acetal 

hydrolysis107 , making unlikely the participation of a nucleophilic 

reagent, am Cv) the observed P * for the hydrolysis of aliphatic ketals 

and acetals is -3.60., 

H 
RQX+ OR,_ 

R A --

/ 
/ 

+9~ 
R~R 

Il a 

,H 
HOX+ OR 

R R 

b 

Scheme 2.21 

, H 

-= 
HOX+OR 

R R 

McClellaoo and Al'1nad were able to isolate several oxocarbonitXn ions, for 

example 64 and, 65, which are stabilized for a variet)' of reasons108,109. 

, . The study of the hydrolyses of these oxocarbonütn 10ns shows that the same 
, 

mechanistio pa,thway, as that for B: normal acid-catalyzed tetal 

hydrolysis, . is followed. 'Ibis strongly suggests that oxocarbonium ions . 
intennediates in the acid-catalyzed hydrolyses of acetals and ketals. 

\ .. 
'" 
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,...r 
64 -

OR 

65 -
During an acetalization process, these intermediates can a1so be 

trapped110 or observed indirect1y using 1H_N.M.R.103' and u.v. 

spectroscopy111,112. 

2.3.3 Acetals aOO 'Properties Affecting Their Fot:mation 

[\, 

Under neutra1 conditions, aceta1 fODmation is not generally observed 

for the mixture of an a1dehyde or ketone ,with ,an alcohol113,114. In the 

presence of an acid cata1yst, however, acetals are readily formed, 

àlthough in general the reaction does not usually go to completion11S • 
. 

In aceta1 fo~tion or h~rolysis, bond cleavage takes place between 
, 

the alcoho1 oxygen and the aldehyde carbon. This can be seen wi th 180 
\ 

labe1ing experiments in ~he formation of,n-but~l benza1 66 (Scheme 

2.22)116 • 

66 Scheme 2.22 

2CH J(CH2)30H 

+ 

(}

CH180 

I~ 
~ , 
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In agreement with these findings, the product of~hydrolysis of 0-2-

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

(Scheme 2.23) 117. 

--
+ 

.§l Scheme 2.23 , 

Table 2.4 lists the percent of acetal formation ir;t acidic alcohol 

solutions. A cOJIlparison of Table 2.4 with Table 2.3 indicates that, as 

is- the case wi th hemiacetal ~?rmation, increasing substi tution decreases 

the extent of acetal formation. Moreover, electron wi thdrawing groups 
, \ 

similarly favour acetal fonnation. For example, the equilibrilltl constant 

for acetalization with 
,1} , 

,bromoace~~hydel18. 

ethanol lS 0.074 fo'r acetaldehyde and 0.112 for 

) ~", 

-----------
----------------~ 

, --------------
Table 2.4:Perce~tal Formation in Acidic Alc:ohol Solution1l5 

'·Al6eh~~ , 

(A mixt.ure of RCHO:R'OH, 1:5) 

EtOH .i.-PrOtt t-BuOH 
... ..-... .. -

CH30i0 78 '43 23 

(CH3) 2CHCH2CHO 71 23 

(Of3) 3CCHO 56 11 -\ 
C6HSCHO, 39 13 

. - , 
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In an attempt to quantify these structure-acti vi ty relationships, 

Kreevoy and Taftl07 studied the hydrolyses of twenty-one ethyl acetals and 

ketals at 240 C in 50% dioxane-water. They were able to develop an 

the observed rates of hydrOl~is: 

log(k/ko):':: (LO'*)P* 

~ 0' * L. is the suro of the Taft 

and the standard reaction (rate coefficient ko> is the acid catalyzed 

hydrolysis of 2,2-diethoxypropane «CH3> 2C(OCH2CH3) 2). They observed 

three straight lines in a plot of log(k/ko> veMu..6 0' *, r'epresenting a 
. 

series of acetals, ketals and a, a -unsaturated acetals, respecti vely. 

AlI' three lines have essentially the sarne slope, p *=-3.60. This high 

negati ve val ue for p * indicates that t~e hydrolysis is àçcelerated by 

groups with electron-releasing inductive effects (negative * 0' ). An 

example of this effect is shown in the~ramatic increase in the rate 

coefficient, approximately 103•5, for each substitution of H by CH3 in the 

<l -posi tion of diethylformal. 

k = 4.l3xlO-5, k = 0.245 k = 7.52xl02 

They attanpted to modify the equation to account for the differ~nce 

between acetals am ketals. The modified equation ipclud~s a term which 

relates the effect of hyperconjugati ve protons a - to the central carbon: 

44 
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loq(k/ko> = ( 1:a*) p * + ( An)h 

The eonstant h, represents the stabi 1 i zation of the reaction transi tion 

. state by a sirigle a -hydrogen atom (h=O.54±.006). /),. n represents the 

total mInbar of a-hydrogen atoms (6-n). Whi le this correction allows the 

correlation of the acetals of aliphatic aldehydes and ketones, it does not 

allow the correIation of the series of Cl, 6 -unsaturated aldehydes. 

From their studies they were able to conclude _that; polar effects are 

proportional to the substituent constants a* and are additive, polar and 

C-H resonance effects are separate and independent, hyperconjugative 

effects are directly proportional to the nunber of a-hydrogen atans, ana 
steric effects are second order in comparison to polar and resonance 

affects. 

Studies on th~ formation rathe,r tha~=~ hydrolysis of acetals and 

ketals confi:r:m the dependence of the raf on electronic effects. Bell et 

_0 . * * 
(.U. fourrl the sloP,9 of a log K/Ka VVt..6LW a plot to be p =+3.05 for the 

. -
foonatlon of a variety of methyl acetals96• That is, acetal formation is 

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

agreement wi th Kreevoy am Taft. 
" ~ 

From the preceeding arguments it can be concluded that the gross 
~ 1 

features of the mechanism of acetalization are: (i) hemiacetal fODnation, 

(ii) oxocarbonium ion formation, (iii) aèetàl formation under acidic 

catalysis, and (iv) elbnination of the carbonyl oxygen in' the reaction as 

water. 

2.3.4 ~ -Mechanisn E! Acetalization Pranoted ~ 01l0rotrimethylsilane 
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The classlcal conditions for acetalization involve the use of a 
" 

strong acid ïn alcoholic solution. For example, benzaldehyde is converted 

to the dimethyl acetal in methanol wi th catalysis by hydrogen chloride 

(Schema 2.24) 120 • 

• 
Hel 

H ~CHO 

V 
.. 

TMSCI 

Scheme 2.24 

Î' 

ChlototrUne~ylsilane in methanolic solution exists in equilibrium wlth 

trimethylsilylmethoxide and hydrogen chloride (Schema 2.25) 121,122. 

Scheme 2.25 

It could be antici~ted, therefore, that the hydrogen chloride generated 

from chlorotrimethylsilane and Methanol will catalyze the ~ aèetaÎ 
.P 

formation fran benzaldehyde. However, uOOer the conditions used (Method 

A), no d~tectable amo!lnt of Cl, a. -dimethoxytol uene is formed, and 

therefore, the reaction cannot be proceeding bY.>~Ptonic catalysis. The 

proposed mechanism must account for the fai l ~ benzaldehyde to form a 

methyl acetal in the presence of the hydrogen" chloride generated 

fran chlorotrimethylsilane. It must a1so account for the ,vast difference 

., 
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between the overall equilibrium ~onstants, in the presence of 

trimethylchlorosilane, of the formation of other unacti vated acetals and 

acti vated acetals (Schane 2.26) • 

~O 

69 -

tf ~AR' 

k-2 " 
R"OH 

72 

U R"OH 

R,"~/OR" 
R~R' 

73 

Scheme 2.26 

a 

,TMSCI + 
OTMS 

~I 68 -

1 .' 

In' the proposed acetal izati'on mechanism the trimethylsilyl group 
"\". 

forms-a complex of the type ~, based on the known oxophilicity of 

.. 
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silicon. The differences between the intermediates 68 and 69 will affect 

the overall equi 1 ibria of the two reactions.. In addition, the other 

silylated intermediates subsequently formed will affect the equilibrium of 

the silicon prornoted rnechanism itself. The first factor to affect the 
, ' 

equi 1 ibrium invol ves the properties of the tr imethyl silanol and water 
, r 

formed during the reactions •. The relative basici ties of tflmethylsilanol 

and water are such that the ease ~f el imination should be similar for 

both. However, the lar~ size of the trimethylsi1anol will render it much . 

less mobi le in sol ution. Its pbor mobi li ty lS ~xacerbated by i ts 
-u 

hydrophobioity which is starkly different to that of water. Both of these/ , 

factors lead to the possibi li ty of a rapid el imination-recombinat,ion 
\ 

sequence in the si l icon-based acetal ization mechanism (71-->72-->71). 
, - - -

, \ 
That is, the l ikel ihood of metbanol trapping the oxocarbonium ion 72 

, 
derived frem the interrnediate 71 before'fecombination with the si1ano1 can 

take place, is reduced. This effect WO~ld act to push the equilibrium to 
/ ' 

the left:, making this reaction step ~1eSs favourable than the corresponding 
(/ 

one in the proton catalyzed reaction (KS(H20) > KS(Me3SiOH)). 

A second factor to affect the equilibrium is the stability of the 

sil icon intermecliate 68. It shol,lld be rnuch greater than the corresponding 
~ 

protonic intermediate 69, sinee sili'con is knowrl to effective1y stabi~i2'!e 

a carbonium ion in the S -posi tion, the so-called B -effect. Upoq 

'formation of the siloxycarboniun ion the posi,tive charge can ~ocalize" 

essentially spreading over three atorns. This delocalization is not 

possible in the case of the intermediate 69 where the positive charge is 

spread over only two atorns. 'Ihis stabilization will act to push the silyl 

equilibriun to the left when cornpared to the proton catalyzed equilibriup 

'r 

J 
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This latter effect will alao alter the position' of the equilibrilJll of 

the chlor0t:rimethylsil~e pranoted mechanism itself; the alkyl carboxonium 

ion will he less stable than the silyl-carbonium ion, pushing the 

equilibritm to the left' (k_2 > kS). Another factor which could aft:ect the 

si l icon promoted reaetion equi librium lS the protonation of the inter-

Mediate 70. The protonation of the si loxy group is less favoured than 

that of the alkoxy group because of the relati ve basici ty of the two 

oxygen atoms. Al though electronegati v i ty ealculations would predict th~ 

oppositfi'!1 electron donation ,t"ran the oxygen back to the silicon reduces 

the electron densi ty on oxygen, increasing the overall acidi ty of the . 
silicon-boum oxygen species123• The acidity of silanols, for example, is 

known to be mueh higher than the eorresponding earbinols. Thus, the 
L •• 

preferred protonation of alkoxy groups ~hould result in a greater facility 
J 

for the el imination of the aleohol , which in J::urn should push the 

equilibrium to the left (k-3> k4). However, in light of qhe rapid rate 

of proton transfer124 , arrl especially in consideration of the proxiroity of 

the two oxygen atans, the probability that this is ? significant effect is 

extremely low. 

AlI of the effects described above show that the equilibriurn of the 

silicon promoted reaction has a much lower value than that for' the . 
~ . .. 

eorrespondlng proton cataly.zed reaetlon. Indeed, wi th unacti vated 

carbonyl groups, methyl acetal fonnation is nct observed. Why is i t then, 

that methyl acetal formation can occur with activated carbonyl groups? 

The ratè determining step in the pr.oton eatalyzed acetalization may be the 

addition of the aleohol to the carbonium ion (72->73). This po~tulation 

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

,methyl àcetals in acidic methano1 96• The value of p * ;i.s 3.05, in:licàting 
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th~t the development of a posi ti ve charge at the react~on centre will 

increase the rate of reaction. As hemiacetal formation occurs readily, 

this is the onLy step in the reaction sequence in which the rate of 

reaction will be dramad.cally enhanced by the developnent of a positive 

charge*. ,IIf this is true for the reaction promoted by trimethylchloro-
. Q 

'-Silane, then it s~ould be possible to observe a relationship between the 

rate of formation of acetals and the electron densi ty of the carbonyl 

group being acetalized. Such a relationship exists; activated 6arbonyls 

readily foz:m methyl acetals. Acti vation is provided by the presence of 

strongly electron withd~awing groups. This activation can be interpreted 

as an increase in the electrophilicity of the oxocarbonium ion which 

increases the rate of rnethanol attack over the re-addi tion of trimethyl-

silanol. No reaction is observed with unacti vated carbonyls. 

The role of the trimethylsilyl chloride in the acetalizati~ reaction 
r 

then, is twofold. First, the silicon must preferentially bind ta the 

carbonyl group. With preferential silicon binding, the protonic catalysis 

rO,ute is effectively eliminated. Second, the trimethylsilanol must have a 

loweE.-!?~~_~y in solution than water. This lower mobility allows for 

recanbination of the carboniurn ion wi~h c the silanol before methanol can 

nucleophilically attack (k_5(Me3SiOH) > k_S ~H20», lowering the overall 

equilibrium constant. 'Ihe resul t is that rnethyl acetal formation umer 

th~~ conditions cao only take Place,With very electrOphi~~arboxonium 

* ,It should be noted that the elimination of trimethylsi lanol to forro the 

~xocarbonitnn ion should ha.v.e a negati ve p * si nce a posi ti ve charge is 

developing in the trans~tioo state, and therefore, seems an unlikely 

carrlidate for the rate determining ~tep. 
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ions. That is, when sufficient electron withdrawal exists to activate the 

oxocarbonium ion to nucleophilic attack by methanol. Therefore, ~he 

reaction mechanism appears to be in agreanent with "a modified Al mechanism 

in which acti vation by a proton is substi tuted wi th activation, by a 

" trim~thylsilyl group • 
/"-

. ' 
2.4 crCLIC KETALS AND ACETALS 

An abundance of data suggest that cyclic ketals and acetals react 

quite differently fram the acyclic campounds described above. For 

instance, aIl known examples of cyclic ketal,~ acetal hydrolysis have 

entropies of activation (6 st) less than zero arXl are generally lower by 
" . 

-10 e.u. than the corresponding diethyl ketals or acetals125• The only 

exceptions to this are the hydrolyses of 1,3-dioxola~e, 2-~ethyl-l,3---- ' ' -atoxolane am 2,2-dimethyl-l,3-dioxolane, ";aIl of which have Li:;;'s eClual 

to or greater than zero, as do the dialkyi ketals am acetals~ The rate 

data ,is also ind.icati ve of a difference betweeo these two classes of 

compounds. For example, the rates of hydrol'ysis (v-ide .6UpJr.a.) of the 

diethyl keta! s of formaI; methyl formaI and dimethyl formaI increase 

_103•5 for each substitution of an (l -hydré>gen wi th an (l -rnethyl group96, 

an electron~c /effect. Al though the rate of hydrolysis of the 

corresponding 1,3-dioxolane is increased°by a factor of _10 3•5 on the 
,. 

substitut:j,on of a 2-hydrogen with a 2-methyl group, an increase of'ooly 
'J 

, -101 is observed with the substitution of a second methyl- groupl25. In 

general, the rate coefficients of hydrolysis of the l,3-dioxolanes are 

_101.5 Iower than th<?se for· the corresponding diethyl acetals aoo ... 104•4 

lowar than those for the diethyl ketals126•Q This demonstrates the great 
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• 
dependence of the reaction rate, for the hydrolyses of a series of 1,.3-

dioxolanes, on the .ste.rie bulk of the groups surrounding the central 

carbon. Another stri~ing example of this can be seen in the vast 

difference in the rates of the hydrolyses of 2-phenyl-l,3-d10xqlane am 2-

methyl-2-Phen'yl':"1,3-dioxolanel27• The rate of the latter ts only one­

fifth that of the f,ormer even though eiectronically the substitution with 
1 • 

a methyl group 1s expected ta accelerate the reaction. 

It is clear that steric aoo electronic fa~tors affect the 'cyclic atrl 

acyclic aceta,ls differently urrler hydrolytic conditions. Any differences 

in the ease of formation of these two types pf acetals should al 50 be 
-

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

the case of dioxolane formation p~anoted by chlorotr~methyisllane, both-. 

steric and electronic factors affect the amount of observed acetal 

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

formed from benza-1.dehyde 20 an<::l~"'etophenonè 21, shows that the less 
j"- ........ 

sterica11y bulky carbonyl gro p, ~a2t1lyde, requires far less stringen~ 

condi tions for good yields of the ioxolane to he isolated. 
~ -

In 

consideration of electranic factors, he electron wi thdrawing effect of 

the a -chlorine atoms decrease the severi ty of condi tions required to 

effect diaxolane formation from (l , Ct. -dichlo:roacetophenone 25, in 

comparison wi th acetophenone 21 (Table 2.2). 

It has been postulated that the rate determining step in acetal 

formation 15 the addition of the alcohol ta the oxycarbonium ion. If the 

mechanism for cycl ie acetal foonation parallels that of acyclic acetal 

formation, a fundamental difference exists in the transformation which . . 

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

uooergo an intermo1ecular attack of an alcohol on the- oxycarbonium ion, 

-
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the"ey,cl ie system ean react in an intramol'eeular fashion; the second, 

alcohol i8 al ready appropriately placed upon the formation of the . 
carboxonium ion. Intramolecular ring elosure is a, more facile step 'than 

intermoleeular attack. 
li 

When pioxolane formation is promoted by 
.; 

chlorotrimethylsïla'ne, this difference- between intra- and intermolecular 
Î '., 

attac:k is readi ly observed. All of, the al~ehydes aoo ketones tested form. 

dioxolanes read i 1y. On the 6ther hand, _ only those carbo~yls ~itb' 
• t 

substantl'al el ectron wi thdrawal from the carbony1 centre, "acti vated 
• 

carbonylslt, undergo methyl acetal formation. 'Ibis is easi1y uooerstood in 

terms of the difference in the type of t:Fansformation occurring in the 

rate determining step (Scherne 2.27). , ' 
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,TMSO + TMSO OCH~ + QCH:i CH 30 OCH3 

.. R0R'';:::- ,RXR,· ~ RARI -:-- RXRI 
'" -- ~ ~ . 

• 

Scheme 2.27 

2.4.1 :!!!!! Stabilitx 2!..2,3-Butanedione Cyclic Acetals 

It bas 'been shown that cyclic' acetals ,are more readily synthesized 
, " 

than acyclic acetals. This'difference in the st~l:lity and the ease of 

fonnation of cyclic arxl acyc:lic.acetals is particularly weIL illustrated 

in the case of 2,3-butaned~one.. The acetalization Qf 2,3-butanedione, an 
l , J' 9 .... 

activated carbonyl canpouoo ,by thè definition given above, can be expected 
l' ' ',. 1 • • • 

to fODn bo.th m~~hyl acetals and dioxolanes readily, although tbe latter 

'reaction should occur with greater facility. Whereas the moncmethyl (14) 
, ~ 

aoo monoethyl (15) ae~tals are -easily made u~ing ehlorotrimethyisi lane- in 

the appropriate alcohol .as sol vent (Scheme 2.128) it is impossible to 
~ ., " () ... 

isolate the corresponding monodioxolane 74 from ethylene glycol under 
"'-

, ~ 
otherwise identical conditions. Nei ther can this compound be isolated 

~ ~er elassical conditions with catalysis by p-tol uene5ul fonie acid128• 

-, ~{lSteë1j:3 the very stable b.u -dioxolane 28 i5 isolated in both cases (Scheme 

2.29).~ ~, 

( , 
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'. A variety 6f reaction èond,i tions: ~ere exan'llned in an a'tt:empt to 
", ' 

is~late the monodioxolane. Restri~trn9 the equi \Talents of the dit5ne, 
/ 

, ~ " 

trimethylchlorÇ>silane or. tne cücoho1, at room temperature, led, to mixtures.' 

of only the starting material and the b.i.~ .... ~·ioxolane. -'l'heréfore,' a 

temperaturè profile of the reaction was undertaken using G.L.c. analysis. 
" 

At -7SoC, no reac:tipn products were observedi starting materials only were 
Q". ,~ 

'detected. At -25°C;. a mixture of tne b..i..h-dioxolane and starting ~ateri~ls '. 

was detecteq.·. H~wev'er, in, the range of temperatures between -60 to :'40Oc, " 
o • 

peaks were detected which corresponded to the starting dione, the bi.6-
, f • 1 

dioxolane~ aOO' ~ peak of intennediqte. retentipn time whicA was' tentati vel y 
1J.\\r' 

asslgned to '2-methyl .. 2-acetyl~1,3-dioxolane. utlfortunately, aIl attenpts 
o , 

to isol~te 'this product were unsuccessful (see the experimental section),. 
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Thus, the acetalization o~ 2,3-butan~ione, which leads exclusively to 
, 

b.u-dioxolane from' ethylene glycol, is ill ustrati ve of the greater 

stability of the cyclic systan ar:d their correspo~ingly greater ease of 

foonation. 

2.5 a>NFIRHATION OF THE MEOIANISM? 
-~ 

An interesting experimental resul t which seems to confirm the 

participation of the tr~thyls~lyl group in the \acetalization mechanism 

is the reaction of camprrorquinone 18. Using tradi tional methods, this' 

c:anpoum is not known to fom acetals easily129 arXi only aftar recycling 

the unreacted recovered starting material several times, is it possible to 

syntheSize the ethylene glycol é!-cetal in reasonable yields130• Because 

1:hismolecule is of the activated type, it. ___ i.s expected to form both the 
• é 

. ethylene glycol and dimethyl açetals with chlorotrimethylsilane. 
, 

Surprisingly, in the presence of chlorotrimethylsilane, it is 'net possible 
• 

". toi synthesize the ethylene glycol acetal at ei ther the 2- or the 3-
..[" .. 

,pOsition. However, it i5 a simpt'e procedure tO,make' the dimethyl acetal 

at predaninantly the 3-pesi tion (structural assigments were made based on 

. reported IH-N.M.R. dataI3l). The inabi l i 1:y of camphorquinone to forro 
~ '1 ' 

dioxolanes, an acetal which is usually e~sier, ta synthesize than,methyl , . , 
acetals, (v..i.de 4U.plLa.), appears ta confirm the p.resence of a carbony~­

trimethylsilyl canplex (Scheme 2.30, ~ollowing Pa9~). 

Whereas the classical protonic catalysis generates an intermediate 
1 • 

which has very small sterie requirements' 75, reactions promoted br 

chlorotrimethylsilane '~e postulated to proceed with the formation of a 

,carbonyl-tr~thylsilyl ~lex 76 as an intermec:3~ate.· Upen fOIInation of 
'. / 
:'. ... ~ l 
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the siloxy-ethylene glycol acetal 11., the rather bulky ethylene glycol 

woup forces the sterically dananding trimethylsiloxy group into the radii 

of the C7..gem-dimethyl group. ~his intennediate should not be very stable 

on the basis of these steric considerations. It may never form, but if 
L., ' 

formed, should rapidly revert to 76. The smaller methoxyl group will 

affect, ta a much lesser extent, the position of the trimethylsiloxy group 

in 1! and the fo:r:mation of the dimethyl acetal i5, therefore, favourable 

enough'to be observed. 

The experimental resui ts are most easily explained in tenna of sterie 

bulk in the transition state which is a result of the presence of the 

trimethylsi ~yl group. Al though direct evidence for sllieon containing 

inter:mediates has not .been observed in si 1 icon promoted aeetal izations, 

intermediates of thi~ type have been postulated' in other similar 

react.ionsl32 ,.l33. A mechanism of this type, therefore, seems to be the 

most reasonable of those which ean be postulated. 

2.6 REGIOSELECTIVITY ,USING OiLOROTRlMETHYLSlLANE ~ ~ PROTECTION .Qt 

POLYOLS AS ACETONIDES 

Much of the pre.vious discussion has been devoted to the protection of 

interesting carbonyl groups as acetals with simple aleohols. 
/ 
~n an 

.' 
analogous sense, however, one could consider the use of the chI oro-

trimethylsilane procedure as a way to pratect an interesting polyol wi th a 

simple ketone such as acetone. For example, the use of trimetbylchloro­

silane would seem to be ideal].y suited for the protection of sugar 

deri vati ves. canpoums of this type usua.lly have more than one pair of 

hydroxyl groups whieh could be protected and it is im~rtant ta be able to 
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synthesize only the desired regioisomer. The use of chlorotrimè~silane 

has been shown to he accanpanied by Salle chanoselecti vi tYi methy1 acetals 
, ~ 

are only formed trom acti vated carbonyl groups, and wi th the ~ericaI ly 

demanding camphorguinone molecule the formati-on of methyl acetals is 

preferred at the C3-posi tion. It is of interest, therefore, to see if 

the use of t;:rimethylchlorosilane can offer any advantages in terms of 

regioselecti vi ty in the case of eyel ie aeetals formed from POf-Y-

hydroxylated canpounds. 

Sinee it is now established that unactivated earbonyl groups are 

unaffected in methanolic-chlorotr~ethyl~ilane solutions, a 1:3 mixture of 

methanol (to increase the solubility oF, the polar sugars) and aeetone (for 

ketal ization) can be used as the sol vent system. Under these conditions, 
". 

ribose is can bè cOriverted to 2,3-ribofuranose ~cetonide 32. This product 

is the s~ as that which one would obtain when u5ing strong acids such as 

5ulfuric acid in~acetone134. However, the work-up in the case of the 
"). 

chlorotrimethylsilane procedure i5 sanewhat less COOlpli cated. 

The ~ituation i5 qui te different wi th the acetal ization of glucose. 

lt i5 surprising toodiscover that glucose reacts to fonn the l,2-gluco-
, 
• fjanose acetonlde 11.. Li.terature procedures indlcate that this is not 

t compound normally formed frOOl glucose under acetalization conditions. 

Instead, û~er kinetic conditions utilizing alkyl ~o-propenyl ethers, for 

~ example, ·the 4,6-glucopyranose acetonide 15 selectively formed 135• Using 

the more elas5ical condi tions ~).of 5trong acids in acetone, 1,2,5,6-gl uco­

furanose diacetonide is the main product to be i~01ated136. The 1,2-

glucofuranose acetonide is usual1y obtaineà by partial hydrolysis of the 

l,2,5,6-diacetomde, for example, in sulfuric acid l37• Methodologies have 

also been reported for the direct isolation of the l,2-acetonid'e from 
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gluco~e, but these make use of severa1 steps! albeit· in a', .. one .... pot ll 

reactioI? sequence. Whether o the 1,2,5,6-diacetoniae' is the penul timate 

product i~ th~ aceta1ization using ch1orotrirne,t'hy1si1ane bas not been 
o 

established. \ ,Howevér, it il; interesting, that ~is simple prO?edure gives 

direct1y the thermodynamic mon9Qcetal. 

\ Nucleosides can a1so be successf~1ly pretected by using chloro­

trimethylsilane; for example, uridine "is converted to the 2' ,3'-,wo~ , 

propylidine deri vati ve 1! (Table 2.2). tttlis product is thJ sarne as that 

which one wou1d obtain using c1assi~a1 proce:lures138,.' ". 

A simple comp~und which has been the focus 0t- sorne in11erest is the 

dioxolane 79139 ,140,141,142,143,144. l~2,4-Butanetrial, the starting 

rnaterial use;d for the formation of the dioxolane, can be obtained as 
V 

either the R- or 5-enantianer. As a result, the diox?1ane provides a way 

to introduee a chiral fragment "of known stereochemistry directly into a 

mo l ecu1 e. COrey, among' others, has usoo the ccmpourrl te gooo ad v antage. 

He was able, ta synthesize both 12-HE~ (S) -1~-hydroxy-5,S/14-c..i.~-lO­

zlt.an.s-eicosatetraenoic acid) 140 and prostàglandins E3 and F)a 139. , 

fn o 0 OH 

X 
79 80 -

Although attempts ta synthesize ~ fram 1,2,4-butanetriol have· been 
, 

reported ta g~ive the desiréd thermodynam,ic product, the diÇ)xalane, 

exel usi ve~y, i ta fonnation is usually accOOlpanierl by contamination' wi th 

the, dioxane 35 (for example, catalysis wi~h p-to1 uenesulfonic acid in 

acetane at roan temperature yields' a mixture of 9:1 dioxolane:dioxane141). 
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Meyers and Lawson proved the presence of both isomers by isolating the 

dïoxane and the dioxo1ane as their 3,S-dinitrobenzoatè esters145• '!bey 
~/ , . 

. conclude that most of the li terature preparations of the dioxo1ane, which 

had ~een reportèd as regiospecific, in fact contain up to 10% of the 

undesired dioxane. 

As chlorotrimethy1silane has been shown to promo te dioxo1ane 

" foz:mation wi th sugar deri vati ves, i t was hopeJ that the fonnation of the ,., 

àcetonide from 1,2,4-butanetrio1 wauld proceed, and~take place with a ... 
greater degree of regioselectivity than oocurs under classical conditions. 

The reaction of trimEfthylchlorasilane with 1,2,4-butanetrial in acetone, 
\ 

at rOom ternperature or reflux, leads to an isolated dioxolane:dioxane 

ratio of 9:1, similar to that found by Meyers, in 57% overall yie1d. 

However, the interesting feature of the reaction is observed at -90o e. 

The selectivity of the reaction is completely inverted. That is, the 
• 1 

dioxolane:dioxane ratio is 2:11, isolated in a total yi~ld of 91%. The 

structural assignrnents were confirmed by comparing the IH-N.M.R. spectra 

of the 3,S-dinitrobenzoate esters made'from the chlorotrimethylsilane 

procedure at both temperatures, wi th ft sample prepared by the method of 

Hayashi141• 

The advantage of the use of ch1orotrimethylsi1ane, therefore, is ,the 
~ , 

obtention of bath acetals, the diaxolane l§. and the dioxane 35 (Scheme 

2.31). The regioselecti vi ty of the reaction when promoted by chh>ro:"" 

trimethylsilane at e1evated temperatures is about the same as that for , 

classical conditions; the dioxalane 36 is favoured. However, unlike the 
( 

classica1 candi tions, this reagent is reacti ve enough to he utilizerl at 
) 

~ 

reduced temperatures and these milder condi tians allow the trapping of 

kinetic product, the dioxane 3S~ Thus, the use af trimethylchlorosilane 

.. \ 
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a1lpws the isolation of ei ther of the desired acetonides. When a single 

enantiomer of 1,2,4-butanetriol is used as the starting material, it 

shauld be possible ta use the same starting chiral fragment to introduce a 

chiral centre to a malecule in two different ways; from the I-hydroxyl 

group of the dioxane or from the 4-hydroxyl group of the dioxolane. 'l'hus 

the use of this reagent al10ws sane control of the regioselectivity of the 

acetalization reaction of polyhydroxylated campou~ds over that of 

tradi tional methods and increases the potential uti l i ty of" simple 

mol~~les, such as 1,2,4-~utanetr iOl, in the total synthesi,s of dura! 
_c 

moieties. 1 
"". 

rn o 0 OH 

X· 
~ " 

rn 
HO HO OH, 

35 

.. 

36 

Schené [2.31 

The carboxyl group 15 a classical example of a functional group which 
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requires protection in a synthebc organic schene. There are generall y 
., 

two approaches to the use of esters as a pr6tecting group for this 

functional i ty. First, readily prepared esters can be used or synthesized, 

such as methyl and ethyl esters. Then mild, selective, and if possible, 

no~hydrolytic conditions can be devised for their cleavage in an attempt 

to prevent the decanposi tion of acid or base sensi ti ve groups in the rest 

of the Molecule. Secom, novel types of esters can be devised which are 

cleaved under non-hydrolytic conditions. Esters of this second group can 

J be removed by making use of the chernical principles of oxidation, 

reduction, hydrogenolysis, and sa on. 'Ibe limitation- of this technique, 

qui te often, is in the difficul ty of preparing the ester. Paralleling 

this work in carboxyl group protection is the search for d~ffere~rneans 

to activate the carboxyl group to esterification, to lactonization, or to 

the formation of amide bonds.· Thus, when choosing esters for the 

protection of carboxylic",acids, one must consider not only the ease and 
\, 

conditions of formation, but also the mode of activation of the carboxyl 

gxoup to nucleophilic attack and, equa~ly importantly, the ease and 

comi tians of deblocking the carboxyi group • . 
y 

2.7.1 Deprotection of Esters 

.' Methyl and ethyl esters can be sefectively ~emoved under m;ld 

conditions. These esters are particularly simple to remove by anions 

(iodide164 , chloridel65 and thiol atel66) or neutral mol ecules (thiol s167 , 

DBNl68 or DBU169) in dipolar aprotic media. ' The small steric hindrance of ' , 

these alkyl esters at the reactlon site does not prohibit their 'SN2 
f 

displacanent under the conditions anployed. The synthetic utility of this 
r 
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sN2 reaction for the deprotecting of esters became popular on the advent 

" 
of i ts use by Esch~nmoser170~ 'I\VO examples qf this type of selecti ve de-

esterificàtion are shown below (Schane 2.32) 171. 

l, 

Lil 

Veo Il -
O·" 

py 

.. , 

\ , 

Lil 
• py 

Sch'eme 2.32-.' 

1 
A secooo class" of esters of interest is canposed of those which have 

a greater steric bulk than methyl o~ ethyl' ~~ters but can still. be 

• 
dèblocked under mild, aprotic conditions. The particular esters in 

~estion are ~e 2,2,2-trichloroethyl, 2-trimethylsilylethyl and other e­
substit~teà ethyl est~r derlvatives. The ease of their de-esterification 

'\, 

iS,a result of the facility for the elimination o~thénic components 

l· , (Scheme 2.33). 
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Nu X 1: Z 
i~ 
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1 

Zn Cl Cl Cl 
,. 

~ \ S~Me3 H H 

-s~_) -CH3 
OW H li 

t 

Scheme 3 .. 33 . 

. , 
As with so m,any conéepts in modern synthetic organic chemistry, the 

perception that thi.s transf-Ormation Would occur re~dily originated with 

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

was subsequently cleaved using zinc-acetlc aCld, ln the synthesis of 

cephalosporin239• An an~logous transformation lS the 6 -el imination of 2-

trimethylsilylethyl esters, which can be easlly remo~~ i~ the presence of 

fluoride ions in anhydrous media 172 ,173. TnlS rea/tlon is usually 
1 , 

chanoselecti ve for the silyI' ester group (Scheme 2.34).1 \ 

RO RO " ' 

... 

RO HO , 

Scheme 2.34 
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On occasion, the corrl±tions requited for cleav~ge of a -substi tuted 

esters cause the decanposi tion of other functional i ties in the molecule. 

In those cases, the mild cond;tions for cleavage of benzyl esters malte 

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

'hydrogenol,ysis174 ,175, or if properly substituted, in mildlt-"acidic 

solution176,177 •. ~ former proCes~ can be carried out catalytically o~ a 
, " ~ 

colœlll of pa,lladiun on cha~coal 'at roan temperature118• 

~or situations in which' the alkaline sapongication of esters ls not 
, \ 

possible179 , the properties of ~-butyl esters make them especially 

a:ttracti ve as: pt6tectin9, groups. They are resistant to hYdrogenolysis, 

and under normal c;oooitions" cmnonolysis and base catalysed hYdrolysis. 

They can;_ however, he cleaved in acidic condi tions. The fission of th~ 
J 

" 
al~l-oxygen bon; ·leads to the splittiI19 off of the .t-butyl group as Lbc-

, 1 

butylene. '!'he acidic conditions,required are usually mUd; for example,' . ' 

trifluotoacet;ic acid at roan tempe~ature180 ,or ,,-toluenesulfonic acid in 

, ~èflu,xing benzene181 • 

. In IJght of theose weIl' known techniques for deblocking carboxylic 

esters, . there is ·an interest in methoOs which promote the formation of , 

s!Jch esters' lmder miid' condi ti,ons.' 

, Hoffman and Kandathil78 have des~ibed thea:conversion of pyruvic: a~id 

.to 'methyl 2,2-dim~thoxypropionate, ® (Schene 2'.35a)". Bath ~sterificatiop 
, ' , 

, ' , , 
and "acetal·ization are ac:hieved in a single step. In view of the 

successfui use of chlorocrlmethylsilane 'in the pranotion of acetalization, 

it' was "-import1nt to discover, if chlorotrimethy~sila(le wou,ld. pranote both .. 

,( 1 66 , 
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.the expected acetalization of this activated carbonyl group and the 

esterificatiop. of the carboxylic acid. Osing methanol as the sol vent, 
, ,,~ ) 

pyruvic aqid is indéed converteà to the aœtal-ester (37) (Schene 2.3Sb). 

, CH:)~H3 , " .. 

/ p-TsOH \", 
O· 

. ~3' 
' ' !&A

COOH
' 

) 

CH30H 
CH30 

COOCH3 l' 

37 

Howevet, it· remained to he deterrnined which transformation was occurring 
. 

firsti if iooeed the relative rates of the two reactions ,are si9nifican1;ly 

different •. To this end, the reaction of benzoylformic acid (phenyl­
~ 

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

observed that esterification is the first reaction to take place anq that 
oé-

. the reaction sequence can he stopped at ei ther the ester (2.) or the 

aceta l-ester stage (lO) (Scheme 2.36). 
"7 
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1.5 TMSCI 
CO H .. 

~ cCH OH ~" 3 

. " 
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1
2 TMSCI 

,CH30~, 

OCH3 

CO~CH,3 

10 -

The scopa of the' ester~fication procedure was further investigated using a 
, -

, .", .> >' " 'ai v'erSe' ~l~tion of poth alc~ols am carboxylic acids. -
'1 • - 6-

, '!' J 
,,' 

., ~I ., . , 
.' 

( 

" , 

1" ~ ~ k~ .9' \ 

", i~~ .. l. ' .!E!' Preparation" ~ Synthètically Useful carboxylic Ester.s 

,,' . 
, 

, " 

A variety of caz;boxylic aciJis are éonverted to their methyl or ethyl 
.. " • 'u 

~ ~ ~ 1 * 

, esters simply by stir,ring the acid in ,the appropriate à-lcohol wi th 2.2 
• 0 • 

~ , . 
" equi valents of chlorotrimethyls'ilane182• The' reactions are perfotmed "-at-, 

t> .room temperature umer an inert atmosphere (Method A). In most cases, the 

work-up sirnply invol ves ranoval of the sol vents unaér reducerl pressure 

fQl100wed by puri flcation of the crude residues by chromatography or' 

.. ' It 15 surprising. to discover . . 

...--
~--------~-

the ~lY large range of carboxylic 

distillation . 

acld~.whlCh are readily converted to esters. A selection of aramatic and 

stmple aliphatic acids, such~aS benzoic, p-nitrobenzoic, phenylacetic and • r 
• 
12~hydroxydodecanoic' acids, can be isolated as their methyl and ethyl , , 

~ ... est~rs (Table 2.5). Amino acids are > partlcuiarly suitable molecules to 
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esterifY; me~ leuc~nate, methyl and ethyl hi~rate and methyl 6-anino-
u 

per:liCillaroate~ are aIl lsolate3 as their ~ydrOChlorid.e salts. An examp1e 

of the mildpess o~ the reaction cao be seen ,wi th the latter canpourxi. The 

methyl ester is lsolated in 84% yield after a 5 minute reaction at room 

temperatÙlre, without scission .of the labile S -lactam bond. One 
1 

particular ly inter~ing example shows 'the selecti vit y of this 

esterification method for certain carboxy1 groups. Whi 1 e -1,12-

dodecanedioic acid is readily protected as the dimethyl ester, the method 
J .., 

displays a selecti v i t'y for the 5-carboxyl group of g1 utamic ac~d. In 
1 ~ 

either, rnethanol of ethanol, 'the correspoooing 5-alkyl ester is isolated 

after reaction times of just 6-30 minutes, respectively. In either case, 

tr~thylsilane. 

In addi tion to methyl ~nd ethyl esters, severai other esters are 

often required in organic synthesis viz. the 2-tri~ethylsilylethyl, ;t­

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

precursor alcohols precludes their use as a sol vent. TC take account of 

this f~ct~ dry tetrahydrofuran and an e cess of the alcohol are used as 

the sol vent system. In this sol vent sy tem, the carboxyl ic acid t"b be 

esterified ls. refluxed for 1.5-2.5 d s (Method B, Table 2.6) in the 
/--

presence of a~ excess of ChlOrjb:imethY15ilane. 

Excellent resul ts are ;btained with this method in the synthesis of 

bath benzyl am B -trimethylsilylethyl esters, al though the results with 

benzyl alcohol are uncharacteristic of the esterification reactions wi th 
1 

other alconols (vide J...nfIr.aJ. Allyl and crotyl es'fers ca,n also ,be formed 

using this technique. of N-carbo~nzoxY91 ycine 
) 

with In the esteritication 

\ 
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Table 2.5:Examples of Esters Prepared tram the Precursor carboxylic Acids 

Entry product (Compound M~thod Re?c~ion Equiv. &:Iui,v. Reaction 

NlIl\ber) Time(h) TMSCl R'OH Tanp. (oC) 
j 1 

37 A bc Ot-l d 2.2 125 22 1 CH3C(~3)2COOMe 
" 1 

Yield(%.>-a b~./tori im.p~). 
Found Literature 

Ref.-

92 78 
.' 

2 PhCOCOOMe 

3 phCOOMe 
-( 
4 MeOOC(CH2)10COOMe 

5 HO(CH2)llCOOMe 

9 

f' 39 

40 

41 

Abe 

A b 

A bf 

A bf 

Ab 

A gR 
A_9h 

72 2.2 

ON' '2.2 

ON 4. Q4 

ON 2:2 

17 

Ù5 
125, 

125 

22 
22 

22 

22 
22 

22 
22 

.,. 
~9 e 

98 

85 

96 

85' " 

(30.5-31) 

(31-2) 

(80.5-81) 

(145-6) 

(151-8) 

62-63/12 

246-248 

198-200 

(31) 

(33-34) 

(85) 

(146) 

(160-1) 

222,223 

222,22'4 

222'~f5,226 
222,227 ~ 

• 
6 

7 

a 
9 

PhCONliCH2COOMe 43 

(Qi3)2CHCH2CH(NH3Cl)COOMe 44 

HOOOCH(NH3Cl}CH2CH2COOMe 42 

ON 2.3 

.66 ,.. 4.4 

490 

125 

0.1 2.2 82 

97 

85 

222,230,231 

222,232 
228,229 

;7 

0.1 2.4' 750 ----. 

ON 2.2 50 84 215 

233 

22Q" 10 

H2Ntr:,tHCI 
o .... COaCH) 

C6HSCH2COOCH) 46 

'-. 

'" 45 A 9h 
,--. 

Ab 

22 

22 

"'l 84 .(136-40) 

11 p-CH3PhCOOEt 47 A b 18 2.2 85 78 96 " 228 222,214 

Il p-N02PhCOOEt 48 'A b 48 2.3 89 78 81 (55.5-57) (56) 222,235 

12 PhCONHCH2COOEt 49 A i 40 2.2 190 22 97 (61.5) (67.5) 222,236-

13 HOOCCH(NH3Cl)CH2CH2COOEt 50 A gh 40 2.2 85 22 .67 j (166.5-7.5)(170-0.5) 222,237 

a. Isolated, after purification. The purjty of the final product was confirmed hy NHR, and by OC (5% av 101 on 

Chromosorb W) or TLC (A1umlnun backal silica gel 60 plates, 0.2mn using as e1uant 1:1:1:1 acetic 

acid:water:n-butanol:ethyl dcetate for the amino acids and ethyl acetate-hexane mixtures for the rest). The 

puri,ty of the crude residues {.l iquids), before puri fication, rangErl fr:an 74-100%. 

b. Purified by flash chromatography (i6g 40-63mm sllica, E. Merck, hexanes-et~yl acetate mixtures used as eluant). 

c. The starting material was pyruvic aCId. Under these conditions, the reaction'could not~opped at the ester, 

but for~ the acetai estèr. ... 1 

p 
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d. Ove~night. No attempt was ~e to minimize the reaction time. • 

,.' 

e. If Method A was used, only the acetal ester was isolated (55%). ex: Y,ield, the remaining lU was the acetal ester 

/

- (Isolated yield 83%). ~ 

f. The solvent system waSl"25 mL methanol, 10 mL hexane, a~ 15 mL ether. 1be solution was neutralized to pH6 with a 
5% solution of sodiun methoxide in meth,anol; eva~rated and purified by flash chranatography. ~ 

g. The starting material was the free amino acid, not the hydrochloride salt. l ' 
,1' 

.... .... 

h. Recrystallized fram methan~l-ether. 
/' 

i. Recrystallized from ether-hexanes. 

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

Table 2..6:Exélnples of 'Sone Less Usua~ Esters ~ the Precurser Carboxlic, Acids 

Entry 

1 

2 

3 

4 

5 

6 

Product ~iv. Equiv. (Compound Method Reaction . 

\ \ NlJllber) Time (h) 
\ 

'IKSCl R'OH 

HO(CH2)11COOCH2C6"~ 51 B a 48 2.2 3.5 

+ H02C(CH2)11OC"2C6"S 
PhCONHCH2COOCH2Ph 53 Ba 30 2.2 2.1 

HO(CH2)11COOCH2CH2SiMea 
~ 

54 Ba 64 6.6 3.4 

C6H5CONHCH2COOCH2CH2SiMe3 55 B a 42 5.0 2.5 

PhCONHCH 2COOC6 "1 1 52 B c· 24 2.2 28 

C6"5Œ12COOEt 56 Cd 1.5 0.5 d 34 

~ ~ ;i 

Reaction 

Temp. (OC) 

22 

66 

66 "j 

66 

25 

25 

'" 

Yield(\) 

61 

14 
b> 

65 

7'3 b 

98 

84 

61 

,), 
b~p./torr (m.p.) 

Foum titerature 

(86.5-87) (87-89) 

(101) 

~ , 

/' 

(lOS) 

227-8 

Ref. 

238 

330 

222 

a. Purified by flash chromatograpny (log 40-6lmm silica, E. Merck, hexanes-~thyl acetate ~xtules used as eluant). 
Accounting for recovered starting material, the y~eld is 79\. \ • b. 

c. The' alcohol and solvent for thé reaction was cyclohexanol. ... 
d. The reaction was promoted by silicon tetrachloride, no~ chlorotrUnethylsila~. , 

.,' §] sc = t'w' ilSter=qeW" ... 'F#b"'i' .. ~~-- .......... 
~"-o-... ' , • :, ",',~,...,~_.,,, .... ;':;'~~ 
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allyl alcohol, for exanple, the coooitilons aJ:e mild enough to' allow the 

desired reaction to take place without concomitant cleavage of the 

protecting group332. 

wt1ereas ~zyl esters have been prepared ùl'Xler a wide rangé of acidic 

and basic cami tions, B-trimethylsilyl esters are most often made under 
~' , 

basic coooitions; the fODmation of the latter has been reported using DCC 

in pyridine173• Esterification with chlorot~imethylsilane proceeds unde~ 

mildly acidic conditions. 'Ibis gi ves the synthetic chanist more choice in 

the comitions available for the protection of the carboxyl group in ,the 

presence of other functionalities in the molecule. This facile and 

inexpensive procedure thus offers sOQe considerable advantages over 

tradi tional rnethods of esterification. 
1 

.. Not aIl esters are amenable to formation in the presence of 

chlorotrirnethyl silane. under a variety of conQ,i tions, for- exarnple, i t 

proves impossible to synthesize 2,2,2-trichloroethyl esters. Also, ~ven 
, 

un1er forcing conditions, tertiary-butyl esters are resistant to fonnation' 
fi 

from .t-butanol. However, secondary alcohols appear te be amenable to 

ester fonnation based~ in one case, on the synthesis,of a cyclohexyl ester 

fram cyclohexanol. ' The reasons for these results will be d1CUSSed below. 

\ 
2.8.2 Transesteri fication 

Originally, an attempt was made to di-esterify the S-alkyl esters of 

glutamic acid. The airn was to achieve diprotection of the two carboxylic: 

acids with different protecting groups. Thus, the esterifi\ation of 5-

\thYl glutamate (SO)(HCl saI tl in rnethanol was undertaken us;ng chlora­

'ttimethylsilane. However, none of 'the desired S-ethyl,l-methyl glutamate 
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is isolated (Scheme 2.37). Insteàd, an unexpected transesterificatibn 

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

esters. The canpl i.n1entary transformation of 5-methyl glutamatp-·HCl· (42) " -
in ethanol with trimethylsilyl chloride leads to a mixture of the 5-rnethyl 

(42) an3 5-ethyl glutamates (50) (HCI saI ts, SChane 2.38). HaviD3 observed 

that transesterification takes place under these conditions, the 
!: 

generality of the reaction was investigated using a variety of alcohols. 

The transformatlons attenpted ~re perforrned ei ther in the alcohol as 

sol vent or in another sol vent wi th an ex cess of the alcohol to be 

- transesterified. Resul ts indicate that only those alcohols which form 

esters directly fram carboxylic acids in the presence of chlorotrbnethyl-

si lane, such as methanol, ethanol, and .{.4o-butanol (Schemes 2.37, 2.38, 

and 2.39), are ~ransesterified. Less reactive alcohols which do not 

esterify carboxylic aClds directly, such as p-nitrophenol (Schane 2.40), 

ekhibit no tendency to be transesterifieP. 

- NH
3
CI \ f NH3CI 

, 1 - MeOH ~ 
Et02C~ C02H' ) Me02C C02H 

Tf' SCI • + NH3CI 

~ Meo,c~co2Me 

42 

38 

\ 
Schane 2.37 

. . NH 3Ct · ,NH3Cl~ 
1 r-' 'EtOH ., ~-

Me02C~C02H ~ Me02C~C~H 42 

TMSCI ~, 

+ 
50 

Scheme 2.38 
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Scheme 2.39 , 

Schane 2.40 

\ 
o 0 

~/'J 
. 0 \ 

The predictabi 1 i t}' of the resul ts of transesterification is [X)Or. 

p 

Therefore, it appears not to have ~y getneral synthetic utility and can 

only be regarded as a curiosi ty. ) 

2~8.3 The Unusual Reacti vi ty of Benzyl Alcohol 

The reactivity of benzyl alcohol is different frœ the other alcohols 

• ~ used in esterification. In the esterifH~ation of 12-hydroxydodecanoic 

acid with benzyl alcohol, for example, bath the ester (51) and ether (BI) 

are formed in an inseparable' mixture (Scheme 2.41). In addition, the 

attempted transesterification of methyl benzoate (39) in dry tetrahydro-

furln gi ves afte:r chromatography, none of t;he desired transesterified 
~ ft 

material, but gi ves instead, a mix~ure of the starting materia1s and . 
benzyloxytrimethylsilane (82) (Scheme 2.42). As weIl, in an attempt to 

transesterify methyl phenylacetate ~ in pure benzyl alcohol, only the 
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starting materials am benzyl ether (83) arè isolatEKl (Scheme 2.43) .. 

TMSCI 

HO 

OCOOCH
3 

TMSCI 

l " THF 
~ 

) 
/ 

r • 

. 
VO(CH,)lIco"H 51 ~ -

+ 

HO(CH
'
)II co,~ 81; 

.Sche:ne t='41 \ 

ûCOOCH3 ,. 
. 1 
~ + 

100% 

" 
.Scheme 2.42 
'\. ' 

TMSO 

H 

" l' C00CH3 (Y' . TMSCI~ 

:::-.... . 

VCOO~H3\, 
, ~ ... 100% + 

~ 
Scheme 2.43 83 -

- \. 
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« This unusual facility for ether formatien-is not observed with other 
\ 

alcohols and rtiight he 'ascri_bable to the stabi 1 i ty of the benzylcarbonium 

ion. 

1 
2.9 THE MEX::HANISM OF E:STER' FORMATION 

2.9.1 Acid catalyzed Ester Fonnation 

T~e funda~ental features of the mecnanism of ester formation in 

• 
mildly acidic conditions are stnklngly slmilar to those of acetal 

formatlon. Unlike the acetal reactlon, however, bath ester hydrolysls and 

ester forma tiçm have been studled in great ..<Jetai 1. The acceot\ J .. 

mechanl~, AAC2, 1S outll.ned ln Scheme 2.'H183• 
~ 

l H 1 

HO '+OR 

RX,OH 
r , ; 

Il 

r . 
• 

( Scherne 2.44 
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In either direction, the rate determining step is the nucleOphilic 

addition of water (k2, hydrolysis) or an alcohol (kV esterificatl.on) ta a 

carboniun ion. 

The main evidence supporting the addition-elimination mechanism is 

the resul t that ester hydrolysis is accompanied by carbonyl-oxygen 

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

shlution184• " In acidic media, the protonated fOIm of the acid exists wi th .. 
the proton residing on the carbonyl rather than on the ether oxygene 'n'lis 

has been determined by both Infra-red 18S , Raman 186 and lH-N.M.R. 
f2 

studies187• It is by the protonation of the carbonyl oxygen, whereby aIl 

distincti.on between the two oxygen atoms is lost, that isanerization can 

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

the acyl c~on-oxygen bond rather than' the alkyl carbon-oxygen bond. 

There is good évidence to support this. For example, the formation" of 

'" methyl benzoate from Hl80CH3- and·be~zoic acid gives the labelled ester 

(Scheme 2.45). 

Scheme 2.45 , 

, Generally, the acidic hydrolysis or fonnation of esters are proton­

catalyzed processes188• However, sorne exceptions ~o this are, the 

catalysis of ester hydrolysis which has been oQ,servea wi th Lewis acids 

intermolecularly189,190,191 aoo by Group IV organometallic moieties intra-

molecularly. (~hemes 2.t6 and 2.47) 192. 
IJ 

• 

• 

n 
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R'CH-C-OR' 
/ Il 

NH2 ,0 .. , 
"M~ " 

.. 

.. R'CHCOOH . 
/ 

, NH2 

M+ C 2 + C 2+ M 2 + C/ 2 + :c U , 0 , n ,a . 

SchEme 2.46 

) 

M = Si. Ge, Sn .. 

Scheme 2.47 

2,.9.2 Factors Affecting the ~ 2! Ester Fonnation 

The sensi ti vi ty of ester formation to polar groups adjacent to the 

ac:yl group is quite small: Essentially, any increase in rate of addition 

of the alcohol to the protonated interrnediate, caused hy e1ectron 
1 

wi thdraw~ng groups, is offset by the decrease in ease of protonation of . 
the starting ac::id19.3. This is an important point, since the basici ty both 

of esters and acids is re1atively smal1. For example, the PKa's of 
. 

C6 HSC(OH)2+ and C6HSC(OH}(OCH2CH3)+ are -7.26 185 and -7.36194 , 

, respecti ve1y. 

Aromatic deri vati ves are general1y much less reacti ve towards ester 

formation than the c;.orresponding al iphatic compounds. This has been 

ascribed te the ~following effects; the stabilization of the initial state 

by delocaliz~tion aoo iooucti ve electron-wi thdrawal by the ring19S. In 

nonaranatic, conjugated carboxylic acids, lower rates of ester formatlon 

78 

. ,~ 



c 
\ ' 

il 

are also observed due to a stabilization of the intermediate carbonium 

• ion196• 
" 

Sterie effects are also extÏanely important in ester formatlott ___ ,AE/"/"~ ---- ,-' 

abalysis of the transition state reveals two salient factors; the 

~ transi tion state is more crowded than the ini tial state because the 

central atom is close to tetrahedral, and more ordered because two 

Molecules ha v~ combined to forro one (Scheme 2.48) 197. Theref'ore, the 

introduction of ei ther a bulky acyl or alkyl group can dramaticaI1y 

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

fox:mation. 

ROH 

Scheme 2.47 

Tables 2.7 an:1 2.8 give examples of the activation parameters for the 
• f • 

formation / of some selected esters. 
v! 

The separation of entropie and-

enthalpie contributions by a gi ven group is not neeessarily a simple 

procedure, as a group which bas an effect on one usually al ters the other 

as weIl. Generally, however, a bulky substituent close to the reaction 
'/ 

centre will increase tl'le oon-bonded compression energy as the transition 

state is formed. This will cause an increase in b.H'f. At the same time, 

it will hiooer the close approach of solvent roolecules, thus minimizing 

\ 

1 , 
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rrabl'e '2.7: sane Representati ve Act~ vation Parameters, Fo! Methy1 Ester 

.t " , 

Foz:mation 
.. ' 

carQoxy1ic" Acid Mrl= f1st Ref. 
\ . 

HCOOH 9.4 -27.5 199 

cH3COOH 9.4 J. 
-32~S 199 .. 

C2HScOOH 9.4 -33.9 4"199 

(~3) 3CCOOH 10.8 -34.6 .. 200 '$' 

C6HS0l2COOH 9~3 -34.5 201 

CGHS (CH2) 4COOH 9.3 " -34.3 202 
\: 

~~11COOH 9.4 -35.7 200 
. , 

. 
CGH"11 ~2COOH 9.9 -3S.3 200 

<1;H11 (012) 3cOOH 9.5 -3.;3J~ 200 , , 
CGH5COOH 15.4 -24.1 203 .. 
m-CH3C(;H4COOH 13.2 -29.8 204 

, P ~3~H4COOH 13.'8 -31.2 ~O4 

. , . \ 

l 
Table 2.8:Representative Activation ParamJters for the Fb~tion of --

Cyc1ohexy1 Esters205 '" 
71 

L\Hf f1 sT ; . 
Substituent X in : 

X~H4C~H 
-. 

, 

\ m-Oi3 19.4, -21.3 -
1 

,', 
'. 1 

r ~ , .. ~' 

p-(lJ3 17.9 -26.3 • L , 

p-H3CO 19.6 -22.4 

O-H3CO . 17.8 -27.8 , 

p-N02 18.0 t-26.5 

m-~ ).7.7 ":"25.8 

o-N02 
. ~. 

16.8 -28.9 
o-F 16.9 -28.3 .. 
~ 17.7 -27.1 

~C1 • 17.5 -27.6 

o-Br 18.0 -26.5 

<--
0-1 17.0 -30.3 

.. .-J 

.,.' 
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sol vation., This ster ic inhibi tion of sol'vation will l'ead to a further 

increase in t::. H1, but as 'ded:eased sol vation means less ordering o'f 
- , .. 

solvent moleG::ules, a ccmpensatory Increase in 4-Sf will also be observed. 

Finally, a bulky substltuent may block certaln vibrartional and rotational } 

degrees of freedom, more in the "transi tion state th an the less crowded 

initial state, reducing ~stI98. 

The princlples described above are reflected in.' a ,comparison' of 'the 
0, 

actl vatl on parameters for the formation of meth:itP, acetate and methyl 

tnme-::hylacet:ate. The lncr,?asep sterlC bulk of the latter leads to a 

larger value for 6- HT (9.4 aoo 10.8, reSpectl vely) aoo a correspondingly 
1 • 

smaller value for 6. s1 (-32.S apd -34.6, respectively) 198,200. The 
q 

effeets of ster ie bul k on t::. s1 can al so be seen in the vast rate 

dlfferences between the forI1)ption of methy~ for':la'te and metnyl aeetate 

esters (Tabl e 2.9). 

Table 2.9:Tne Observed Rate ~ Formation of Methvl Esters ,l,!! Methanolié 

HCl at 25°C (l.rnolel .secl ) __ -- --0) 

Acid Ref. 

HCOOH (ln ag. HCl) 83. 199 

0i3ceX:>H. 5.93 199 ... 
" 

CH3CH2COOH S'. 73 199 

CH3 (CH2) 4 CeX)H 2.92 • 199 
.~ 

(CH3) 3CCOOH 0.194 200 . ", 
C6 HÜ COOH 1.18 202 -1 

/1 

., , 
In general, a polarity difference in substituents 'would be reflected in 

t::. H1. However, sinee the ~ H=f's for" both tran'sformatiooSo ,a're the same ., 
r 

(9.4, Table 2.7), the difference 
in ) 

rate of foz;mation is due entirely 
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to changes' in t:. S119..8~199 This decrease in ~ ST (Table 2.7) increases 
1 

wi th lar~~r n-alkyl groupe RI (in RIC02)' until eventually'a plateau is 
• 1 

reached am is r~flected in the rate of ester formation (Table 2.9)~ 'Ihis 
" 

must reflect the loss of degr~ of freedan in the transition state with 

the increasing size of RI. 

2.9.3 '!te Mechanisn ..!.!! the Presence ~ aÜorotrimethylsilane 

The overall mechanism for ester formation i~e presence of chlora­

trimethylsilanemost.likely fO'llows two different pathways.o Although 

catalysis via the protonic route is probably al~o occurring to sorne 
1 

extent*, the main pathway" seems ta be one in which the trimethylsilyl 

... 

* One can speculate that- the "'Protonic route is an active pathway base:] 

an the following stoichiomet~ic considerations for the conversion of 

benzoyl formic acid to i ts methyl ester. If the reaction is perfoImal in 
i 

methanol as the sol vent and/or wi th 2 equi valents of trimethylchloro-

silane" the reaction do~ot 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 equi valents of trimethylsilyl chloride aoo 18 equi valents 

of Methanol are reacted wi th the benzoylformic acid in tetrahydrofuran. 
If 

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 fol 1 owed , then 1.5 equi valents of chloro-

\' trimethylsi lane woulQ allow a malCirnum isolated yield of 75%. Since the 

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

fo Il owaJ to sane extent. 

82 

, 
1 

1 
l 

1 

1 
1 
ï 
~ 



( 

( 

'.-

group must play a role (Scheme 2.49) • Proof for this postulation W\Ü:< be 
. 
9i ven below. 

0 HO+ 

RAoTMS 
= R~OTMS 

# 

U tl ... < .'-
4. ... ~ 

OTMS H , 
0 

R~OH 
TMS~R 

• RAOH - R OH -

Il 

... , TMSXR 

OH 

r 
Il 

OH \ 

H , . 
0 

<RAOR-;-= 
lMSX R 

RAOR' R OH 

Scherne 2.49 

To allow a canparison of the efficacy of the chlorotrimethylsilane 

. procedure with that of the classlcal catalysis by hydrogen chloride and to 

provide evidence for tpe proposed silicon mechanism, the esterification of 

benzoic acid in methanol was followed by G.L.C.. In the former reaction 

procooure, 2 equivalents of trimethylchlorosilane, l equivalent of benzoic 

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

( t-

B3 

, 
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procedure makes use of 2 equi valents of hydrogen chloride, l equi valent of 

benzoic acid, l equivalent of anhydrous MgS04 (which can adsorb 7 

equl va lents of water), aoo 95 equi valents of rrethanol. In both cases, the 

reectlons are folloWéd fran Ume zero until 48 hotS. A fust-order plot 

of log (concfinal-concini t) veJU U4 time gi ves a straight line in both 

cases. The pseudo first-order. rate constants are ca1cu1ated-to be 

1.47 x 10-5 and 9~25 x 10-6 for chlorotrimethy1silane and. hydrogen 

chior ide reactions, respecti vel y. The rate of the reaction wi th 

chlorotrimethylsilane lS thus approxlmately 35% faster th an the classiçal 

catalysis by hydrogen chloride under the conditions described. 

Further lnformatlon supporting the propased sillcon mechanism aiso 

anses fran t~lS study. ln the reactlOn càtalyze:1 by 'hydrogen ctllonde, 

only methyl benzoate and tne sol vent are detected'" by the G.L.C •• 

Howevey'/;n the reactlon prornoted by cnlorot;lmethylsilane, a thuà '~ak 
of Io~ger retentien time than ei ther chI orotrimethylsi 1ane or methyl .. 
benzoate appears at a faster rate than does tne methyl benzoate peak and. 

dlsappearsocomp1ete1y within 3 heurs. lt is reasonable to assume that 
) 

thlS corresponds to ttlmethylsilyl benzoate, the intermediate in the 

reactlon. 

ThlS postulation of ~ formation of a silyl ester intermediate is 

corrÇ>borated by the isolation of the trimethylsilyl ester of 12-hydroxy-
, 

dodecanoic acid (v-i..de i..n61LD. ). In additlon, although IH-N.M.R. 

spectroscopy is not particularly revealing with respect to the mechanism, 

29Si-N.M.R., using the INEPT pu.Ise sequence (see Appendix 2) clearly 

", 

~'-

cnlorotrimethylsilane eluted from the G.L.C. column with the sarne 
J 

retenti on tlme as the soivent. 
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illustrates the pathway wich the reaction follows. A mixtuz:e of benzoic 

acid and chlorotrimethyl.silane displays, in the 29Si-N.M.R. si;>ectrum, 

three peaks; one" at 31.1 ppm (trimethylch1orosilane), one at 24.4 ppm 

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

'. hexamethyldisi loxane, indid~ting the presence of sorne water in the 

reaction mixture (Figure' 2.1a). Upon the addition of metha~ol, . the 

benzoate peak collapses, the trimethylsilyi chioride peak decreases in 

intensi ty (Figure 2.1b) and there is a substantial inerease in the 

intensity of the peak observed at 7.1 ppm, the silicon end product, 
_~ .. ~_.r--__ "" 

hextmtèthyIdisiloxane (Scheme 2.50a). 

\~ . 'the . TO'conflrm asslgnments of these peaks, a similar experiment was 

carried out with sodium benzoate. This clearly, if reacting at aIL with 

chI orotrimethyl silane, will form the silyl ester (Scheme 2.50b). A very 

large silyi ester peak (Figure 2.1c) is again ob,served to collapse upon 

the add~tion of methanol (Figure 2.ld). lH-N.M.R. ana1ysis shows that the 

reaction p~,9fuct is methyl benzoate in both cases. This further supports 
.r-

the proppsed mechanistic schema (Scheme 2.49). 

~_~ COOH - ~ ) COOTUS {-1 COOCH, a 

( C'Ti&1 

1 

( } C~Na- ~~, COOTMS - \-~ COOCH, b 

Schane 2.S 0 
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2.9.4 Factors Affecting, ~ Foz:mation g! Esters ~ 

Ü Chlorotr±methylsilane 
4 

~..,. 

The failure to form t-buql esters in the presence of trimethyl-' 

chlorosilane is easily explained. 'n1ese esters are usually made with .uo­
butylene, rather than t-butanol undér aCidic conditions206 , (AH:l) 'œcause 

the sterie bulk of the t-butyl group in t-butanol prohibits i ts attack 

upon the carbonium ion (AAC2). 'Ibis problem would only be exacerbated by , 

the presence of 'the trimethylsilyl group which would add eonsiderably ta 

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

In addition, and perhaps more irnportantly, the esterification reaction 

would he in competition wi th 1;pe facile el imination of water fran the t- i4 

~butano1, and therefore, prohibit this reaction fran taking pl~. 
l 

Scheme 2.51 

In examp1es where the eleetron densi ty on the a1coholic oxygen is 
• 

--....., ~ ~ It 

1Qwered (TaQle 2.10), polar effects bec orne quite important and the 
• 1 

corresporxUng equil ibrilltl 1 ies further to the side of the carboxylic acid. 

The sterie bulk of 2,2,2-,triehloroethano1, for examp1e, is canparable to 

that of 8 -trimethylsilylethanol am yet after several experiments wi th 

ehlorotrirnethylsilane under different conditions, no indication of the 

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

- ~>- ç( 4 the latter alcoho~ form qui te readi ly. It f!1USt be canel ed, therefore; 
--j 

in the case of electron poor alcaho1s such as 2,2,2-trichloroetiùmol, that 
/ 

the equilibrium in the presence of trimethylchlorosilane is insufficient 
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to allow the fc!)tmation of detectab1e cmounts of the eSter. 

• "Table 2.10:Equilibriœ COnstants !2E. the Esterification E! Acetic Aeid207 

,. 

R in Of3~R I«mol/L) I:t.cP * 

Of2013 3.38 1660 

Œt2CH200i3 1.42 • 2180 

0i2CH2Cl. 
, 

0.46 2840 
+ Of2CH2N (Ci3) 3 0.394 2940 

0i2Œ3 0.013 4980 

* ~ acti vi ty of water is t~en as uni ty. 

2.10, THE lCl'IVATION o~ CARBOXYLIC ACIDS - - j 

Other transformations take place at a carboxy1 group which are 

technic~lly esterifications, but in reality~ however,' ~re. achieving quite 

a different piJfIpose. Rather than protection, the <;arboxyl group, ,is being 

activated to nucleophilic attack. The predominant use of this activation 

is to encourage ei ther lactoni zation or the formation of an amide, 

especially peptides. Lactonization in particular is a difficu1 t synthetic 

challenge. As there exists a large group of interesting natural praducts 

which have in cannon a macrocyclic lactone structure, there is a tangible 
1> ' 

interest ~n finding facrpe procedure~ for lactonization. Al though the 

fomation of medil.lll-large ria:J lactones fran the correspoooing LI) -hydroxy-
~ , 

carboxylic acids is not favoured entropically, it is often the most direct 
" . . 'ri 

route, and therefore~ the synthesis of many inteFesting macrocyclic 

com?ounds, such as methymycin208 ,209,210, have as the ~ltimate step, 

lactonization to forro the macrolide. 
'0 

, It is possible to synthesize small ring lactones util izing tri~thyl-
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silyl chloride. Foi exanple, chlorotr~thylsil!\lane can hE! used to pranote . 

the transfo~ation of y-hydroxybutyric acid (!1) to y-butyrola~tone 

(as), al though this conversion is not particul!iarly challenging. Even - . \\ 
under vigourous conditions, ~ver, w-hydroxy fidS are not transformeâ 

into the corresponding macrolactones. For e~ample, if 12-hydroxy­

dodecanoic acid is .refluxEid with 15 equivalents 0; trimethylchYorosilane 
\ 

in anhydrous tetrahydrofuran, the only isolated products are the 

carboxylic acid and the trimethylsilyl 12-hydroxydodecanoate (86). 

Therefore,' Qther procedures to activate the carbox}rl group to nucleophilic 

attack must be deployed. 

Beth 1act0!les and êITlidrs, can be successfully made fran thioesters"'. 
;;, 

These compounds are much more reactive ta nucleophiles than the 

corresponding oxygen esters2~1, and therefore, have great synthetic 

utility. The following passage, wrH:ten by Ha~lenl71, accurately depicts 

the establistJnent and importance. of this area of organic.chemistry. 

* 

''') 
" Each era ii the history of organic chemistry has been 

marked by developnents which because of their original i ty and 

timeliness have had a substantial influence on subsequent 

research. One such masterpiece in recent times was the c6byric 

acid ~thesis of Woodward and Eschenmoser212• One facet of the 

work of sorne considerable interest is the generation of ,the 

carboxyl group at position "fIl in the càrrin nucleus. The 

procedure adopted by Woodward and Eschenmoser util ises at an. 

Thioesters, in the context of this thesis refer ta thiol or thiolo 

esters, that is, esters of the form; 
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early st#lge a ph~nyl thioester and exploits i ts enhanced 

reactivity towards ammonia when compared to -oxygen e~t~rs, 

(Scheme 2.52). This work has heralder:1 a period of unparalleled 

acti vi ty in ·wtiich the synthetic potentiali ties of the thiol 

ester' group have excited considerable interest. The use of 

thiol esters to selecti..-ely activate a 'carboxyl group towards 

esterification or lactonization has engende,red numerous 

investigations and work in this area has gained particul ar 

prominence. One outcome of these developments -has been the 

renewed attention directed generally towards thiol ester 

synthesis. " 

Ph)· ) 

\ eN 

\ Scheme 2.52 

. . 

ln light of the significance of thioesters in lactone formation, it was of 

ïnterest to discover if trimethylchlorosilane could promo te, these 

reactions. 

Thioesters may be synthesized by the exchang~ of a mercaptan wi th 

carboxylic esters or other carboxylic acid derivatives under equilibrating 

conditionsl71• However, they are not generally formed direc,tly from 

carbo"Y17ds213. The equilibriœ usually lies far ;1l9h ta the lef~ 
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as to leave the desired product inaccessible, even under vigourous.­

coooit:ions. 'l11e saIne result is observed using trimethylchlorosilane •. · Thè • 

4"J;eaction of benzoic acid wi th thiophenol or benzylmercaptan in the . \-

presence of trimethylchlorosilane does not proceed, and yie.lds only 

recoverErl starti~ materials. As was discovere:1 in the case of acetal-

ization, aranatic ccrnpourrls are considerably less reactive than aliphatic 

canpourrls. 'l'herefore, the reaction with sebacic acid (l,lO-decanedioic 

acid) was expected to he more facile. Unfortunately, under the sarne 

corx1i tions, none of the desired thioester is recovered. 

One interesting example which indicates thioesters may be formed, 
. " \ 

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

. \, 

12-~droxydodecanoic a<?id with thlophenol in the presence of 

chI orotr imethy l si 1 ane. A ranarkable observation is that the IH-N.M.R. am , 
" 

infra-rad spectra of each of the canpounds isolated after purification are 

identical. These ccmpoums have been subsequently identifia:! to Pe the 

rnacrolide (87), diolide (88), and higher oligolides, which arl the result 
. - -

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

reaction is repeated umer condit,icins of very hig'h dilution, the macrolide 

itself can not be 501ely forrned. In fact, under high dilution only the 

" starting materia15 are i501 ated. To verify the identi ty of these 

canPOunPs, the authentic 13 membered macrolide (87) was prepared both by a 

51 ight modification of the procedure of Stoll and Rouve214 using p-

toluenesulfonic acid in to1uene and by the m-chloroperbenzoic pcid 

oxidation of cyclododecanone2lS• 

Al though no. mechanistic 5tudy was performed, it i5 anticipated that 

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

• 91 ' 
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\-}SH 
0 

TU~ , /1 
HO(CH2)nCOOH • Hœ'<Ctt2)nC,S 
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l Q 

.: 
0 

HS-{-1 + o~ + giolide 

~H2)8 and 

higher 

Scheme 2.53 87 Oligoli(1es 
oe4 

Under conc1i tions of high concentration, traces of the thioester are formed 

am subsequently trapped in an intra- or inter-molecular fashion to gi ve 

the macrolide or dodecanoate esters, which can subsequently lactonrze. At 

lower concentrations, no lactones or esters are observed, indicating that 

any thioester foDned reverted to the carboxylic acid or silyl ester before 
, 

it could be trapped by an hydroxyl group. Thioesters (v.i.d.e. .6tLPJra) are not 

easily formed from carboxylic acids and a mercaptan. The experimental 

resul ts sU9gest, therefore, that silyl esters rnay be more reactive, albeit 

mar,ginally, than the corresponding carbolCyl ic adds. That is, in the 

presence of chlorotrimethylsllane, th.e thioester and subsequently the 

macrolide can be formed under conditions of high concentration. 

If traces of the thioester were formed under these condi tions, i t 

was hoped that they could be trapped by less reacti ve alcohols in a manner 

similar to macrolide formation. How~ver,' ii-l 2,2~-trichloroethanol, for 

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

detected u~on the reaction of phenylacetic acid with thiophenol and 
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chlorotr imethyl silane. A variety of other carboxylic acids were similatly 

unreacti ve to ester formation. El ther the more labi le thioester never 

farms, the equilibril.Ul lies very far ta the side of the carboxyllc acid, . 
or, the nucleophil ici ty of these alcohols is 50 low as to preclude 

transesterification under these conditions. 'ltiis method, therefore, does 

not appear ta provide a useful synthetic route to less stable esters • 

. 
2.11 ESTERIFICATION PROMOTED BY SILICON TETRAOiLORIDE 

Wong has utillzeà tetrachlorosllane in tQe synthesis of 'amldes frcxn 

amines and carboxyl ic aClds 216• It was'determlned that silicon 

tetrachloride is actlng as a coupl.ing reagen-t by forming bonds wi th both 
~~ . 

specles. The intermecllate then" undergoes el iminatlon to forro the amide . 
and one-half equivalent of "dichlorosilicon oxide", winch i5 recycled, and 

1 

5ubsequently forros Si02 (Schane 2.54) •. 

) x= CI, IhO. 

~ 
Scheme 2.54 

o 

-RAO-SiX 
/ 2 

R'NH 

+ HCI 

+ HCI 

, 
The. use 'of this technique as a procedure for esterification had not been 
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previously'tlattempted. Since silicon tetrachlorid~ ,is generally more 
fi ~. -

reactive than ehlor9tl1imethylsil,ane, 'it was ~edicteç ~ the reaction 
Il , '0 

wou'ld bea mO::~facilè.; 'In one, ex~ple ·phe~Ylac.et3.f acid 'is 

éonverted~ te' its ethyl' ester (56)' by the use of th i s" reagent. Howev r, 
./' ,-

, )he- ,cox:resporx1ing ~il~con prodoct iS?t' ~'_,~ëd ~ilica,. but, rather" ~ . 
tetra.ethQxysilane (Scheme 4.55). 'The' reactibn', !lÙSY, ,therefore, be: 

~ ~. , 
, CI ,~ 

tollowing a diofferent. ~thw.8yo ,'than the amide foz:mation describe:i above.· 
o ) ~ c. .., T .J . () ' .. 

" ln the hope of capitalizing on the ;l:'eactivity of this reagefit', the' 
"Û }'" <; Il 0 'JJ .) 

synthesis of' the' thi~~nzyl ester of oPhtanYlacetic; ac!d bas been at~~. 

unfo,rtun~tely:none of"the ~ste~ is obtained,ftom,~n~yl'~thi?i, (Scheme 
i.... .." • r'" 

. 2.55). " Onder 0 the conditions, used, 4.t must b'è conelQded ~hat _~,he 
61 

1 t', 0 r- " cl 

reacti vit Y of this rèagent towards ,the pranotion o~ esterifi~tion 'ls net ~ 

significantly greater' t:han chlorotrim~thylsi1ane~ 
<0 rJ 1 ~ r") 

EtQH , , 
DO 

'.~ 

56 

.. 

. , 

'c. 

'D' , 

" , 0 l' 

H'O 
, R 

SCheme 2.55 

2.12 PHO$PHOROOS~ 
, . 
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Esterification 1S notJ of course, a pl;ocedure limi ted to the reaction 

of carboxylic acids and alcohols. éther hydroxyl groups, such as those in 

phosphorous and phosphonic aC}d compounds, also require protection as 
l ' 

"es~ers". In 'consideratian~e dramatic advances in the synthesis of 

nucleotfdes, for example, (the r~ent total synthesis of transfer-RNA2l7, 

techniques for the protection and deprotection of pho~phorous'~und 

hydroxyl groups are of fundamental interest. Phosphorous bound met~' . 
esters have not, as yet, been exploi ted to their fullest capaci ty, 

4 
However, this protecting group appears to ~ffer real potenei~ in the 

fut~~e as a result of its ease. of fonnation, stability to the coooitions 

employed for nucleotide synthesis and ease of r~mova12l8,219,220. The 

small size of ,the qroup can a~so be used to good advantage in both 

synthetic an:] .biological 'testirl9' procedures22l• " 

It was of interest to dj,scover i( trimethylchlorosi lane could prcrnote 
, "-

the formation of methyl phosphorous esters. 0 Unfortunatély, bath phenyl-
Q Il 

phosphonic acid and diphenyl phosphate prove to be completely resistant to 
c 

methyl ester formation using Methanol and chlorotrimethylsilane •. In 

either case, only'the starting matéÎ"ials are recovered ... When diethyl 
, 0 , ' 

phosphate is reacted under similar conditions, a complex mixture of 

products 15 isolated. 

2.13. CONCLUSION' 

, " , , 
t' 

C~loIiotrimethylsilane is a particular fy sui table reagent for the 

fqrmation ~f esters aoo acetals. While literally dozens of methods are 

, known te effect acetal formation, few offer the advantages of~w cost, 

s,imph! work-up, and mild reaction candi tians which the reactian wi th 

o 
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1 
-

trimethylchlorosilane exhibi ts. Of particular interest is the selecti v i ty 

that the aceta li zation wi th chI orotrimethyl silane displ ays; 

chenoselecti vit Y for methyl-acetals from acti vated carbonyl groups and 

regioselectivity for kinetic products at low tanperature, or thermodynamic 
, 

produ at elevated tanperatures, in the synthesis of cyclic acetals fran\ 

butanetrio1. ith the formation of esters, there are sorne limitations.' 

Electron poor ols and bul ky alcohols are unreacti ve, ,as are 
.-'1 

phosphonic and hosphoric acids. The esteri fication procedure with 

chlorotrimethylsilane, however, also offers the advantages over 

traditional methodology of a' simple" reaction work-up and an inexpensive 

reagent. In addition, - the reaction proceeÇIs at a rapid rate, and allows 

the formation of the majority of synthetica11y usef,:!! esters viz. the 

methyl, ethyl, benzyl, \ and 2-trirnethylsilylethyl ~sters. Moreover, the 

reaction candi tions are qui te mild. E:Or instance, N-carbobenzoxyglycine 

reportedly reacts to forro the' a'11y1 and crotyl esters in go.od yie!d 

without cleavage of the protecting group332. Perhaps the rnost impressi ve 

axarnp1e of the utility of this method is the synthesis of methyl ~-

arninopenicillanoate. This compound can be made in fi va minutes and in 

good yield wi tbout scission of the S -lactam booo. 

.. 
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3. ~ REACTION QF A b.i..<!,-SILYL ~ ~!!!!! 1,2-0IELEX:TROPHILES 

3.1 CARBON-CARBON BOND-FORMING REACTIONS 

3.1.1 'rtle Aldol Reaction 

The aldol reaction, along with the related variant using a Schiff 

base (Scheme 3.1), is among ehe oldest classes of reactions in organic 
.. 

chemistry. It is weIl recognized as the Most obvious me~ns for bond 

creation leading to 1,3-0,0 and l,3-N,O heteroatom-heteroatom relation-

ships in organic molecules. 

Scheme 3.1 
'# 

In addition, the aldol process consti tutes one of' the fundamental routes 

for carbon-carbon biosynthetic bond formation. As a resul t, much interest 

has evol ved in optirnizing the aldol reacti~n for use ~n synthetic organic 

procedures, especially in ''biornimetic'' syntheses. Às an illustration, a 

retrobiosynthetic analysis, of the erythronilide-B seeo acid (Schane 3.2) , 
~ 

indicates how extensi vely the aldol process could be followed in the 

assembly of this molecule240• / 

, '. 

"" 
l' ' 
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OH 

OH' , 

~HO + 

1 
~CHO+ fX 

A 

'0 

''l'OH 

COOH 

J 
0 

COOH 

1 -A 

X 

J '-A 

~CHO. 

.. 

Erythronilide B 

SCheme 3.2 

There are many problems which arise in the utilizatlon of the aldol 

reaction, al though satisfactory solutions have been found for many of 

them. The more prominent difficul des are: Ci) cross-coup,l ing if two 

aldehydes are to be reacted tOgether; 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 3.3) (this problem does not 

arise if one of the components 15 a ketone), (H) polymerization by a 

multiple aldol process, (iii) regioselectivitYi when the enolate of a 

ketone is used, regioselection between the' ther.modynamic and kinetic 

enolate must be encouraged (this can usually be controlled by careful 

temperature reg~1:.ion), and the most challenging prob~ems, (i v) dia­

stereoselectioni assuming isolation of a single regibisamer is possible, 

it is then necessary to he able to select a single diastereaner frem the 

two that can ,be formed (A(±) VVl.6U.6 B(±) SCh~ and (v) enantio­

selection; the ability to control the absolute stereochemistry of a given 

diastereaner (A(+) Ve.tr.6!J.6 A(-) ana B(+} , vlVI..6~ B(-) Scheme 3.4). 

y 

w0CHO AB 

, HO W 

~' y . CHO BA 

W~CHO+ Y~CHo' .. HO W 

w0 CHO A B AA 
HO Y . 

(,. v0ctlO B8 

, HO 

Scheme 3.3 

. \ 
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l 

o 
~R R .. 

o OH 

R~R" - . 
R' 

" RCHO A (+) B ( ... )' 

o QH 

A~A" 
, R' 

o OH 

R~R" --, 
A 

" A (-) B (-) r~ 

SChane 3.4 

The latter problan has been the focus of intensive research arx1 baS'"' been 

recently reviewed240• 

3.1.2 a-Alkylation 

Another fundamental organic reaction for the formation of carbon­
~ 

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

these related "a ldol-l ike" alkylation reactions (Scheme. 3.S) *, problems 

also arise. ~he Most important of these are: (i) the possibility of 

mul tiple alkylation occurring (SCheme 3.6) 241, (H) the limited range of 

electrophilic components which can ba used; these,being limited, in 

general, to primary and sorne secondary alKyl haliÇJes or alkyl pseudo­

halides, (iU) the occurrence of o-a1kylation in place of C-alkylation, 

(iv) the possibility of competing aldol reactions, and (v) the non­

regiospecific alkylation of an enolate242• 

For the purposes of this thesis, the a-alkylation of carbonyl groups 
/ 

will be considered to be a special.case of the aldol reaction. 

100, 
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EX + MX 

SchEme 3.5 

III 

NaH '6'v 11

" 

{)-(r 
Scheme 3.6 

r 

As a resul t of aIl of these canplications, the sim91est procedure for 

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

the group to be alkylated w{th ~ strong base, is rarely useful. The 

traditional solution is the use of a -dicarbonyl compounds (Scheme 3~7) 

l ' Q 

which al:e l'i!sS likely to give polyalkylation am speèifically alkylate at 

the position ~tween the two carbonyl groups243. 
J 

A re,cent modl,fication 

which aiso eliminates these problems entails the use of the dianion of a-
/' , " 

keto esters244• In this case, the alkylation takes place specifically at .. 
the terminal anion (Sche:ne 3.8) • 

o . 0 

~R 
Scheme 3.7 

. 
c: 

[er 
+ OTHP 

S!=hane 3.8 
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several ather awroaches ta solving these prablans have been saught." 

Stark, hav.ing foWld enamines a usefui but limi ted al ternati ve to enolates, .. 
discovered that: li thürn enolates behave in a mOre predictable an1 less 

reactive fashion than the corresponding sodiœt or potassilm enolates. For" 
-", 
,-

example, the particularly hiooered ~aIate 91 (Scheme 3.9) 15 ;net:hylated 

te glve mainly the l'rOre substi buted product245• 

a-L.i+ 

Li 
• 

NH3 

tH3 f 

a 

+ 

H H. 

62% 23% \ . 
Scheme 3.9 

Other "less electraposi ti ve metaIs, like magnesium246 and zinc247 , hav~ 

aisa been used as enolate caunterions. They gïve excellent resul ts when 

used for controlled aldol reactions, as in the Reformatsky reaction, but , 

usually are insufficiently reactive to allow simple alkylations, to take 

place. 
o 

3.2 THE DEVELOPMENT OF ENOL SItYL ETHERS 
- --;-- 1. 

Al though li thim appeared ta be tne most u~efui enolate counterion, a 
j. 
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~acile proce:3ure for its introduction un3er non-equilibratin;J con::Utions 

remained elusive. It was Stork who found an appropriate means for the , 

gener~tion of l~thium enolates from enol si1yl ethers (Scheme , 

3.10) 27,28,248. 

OTMS 

base TMSCI 

MeLi 

Scheme 3.10 

In a histodcal context, compounds Of the type 92 have been known sinee 

1958249• In the last decade there bas been an explosive developnent in 

the utilization of enol silyl ethers in organic synthetic t~ansfo~ations. 

Indeed, it is elear that these have been ~ployed more often then any 

other organosilicon species in recent years248 , with the exception, 

perhaps, of si l icon-based protecting groups. Three phases in the 

developnent of silyl enol ether chenistry have been noted250• These are: 

(i) the capture of enolates by silylation, isolation of the si lyl eno1 

ethers thus formed, and regeneration of the enol ates to react wi th 

electrophi les unde'!: basic condi tions, iii) the reaction of si lyl eno1 

ethers d~rectly wi th electrophiles under neutral or acidic (Lewis acid-' 

catalyzed). condi tions, and (il i) the use of enol si lyl ethers to gi ve 

products different fran those obtained via the "enolate" 'or "enol" phases 

above. It is a1so appropriate ta mention silyl ketene acetals at this, 
"114 

juncture (si lylated ester enolates 93). Their modes of reacti v ity are' 
• -- ~ 1 

very similar to those pf enol silyl ethers, making them useful synthetid 
1 
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1 
alternatives to ester enolates. 

. 
The use of silyl enol ethers for the formation of cycl ic systems will 

be described short1y. In order te facilitate an understanding of the 

reactivity pf these compounds, an outline will be glven of the relevant 

reactions which they undergo. These will be divided into two sections; 

the reactions of silyl eno1 ethers under baS1C conditions (as encHates), 

and t~ése under neutral and.acldic conditlons*. 

3.3 GENERATION OF REGIOSPECIFIC ENOLATES FOR Cl -ALKYLATION 

Traditional methods of regiospecific lithilnl enolate, formation make' 

use of the reaction of en01 acetates with methyl lithium (SCheme 3.11) 254. ' 

, 
, Unsa:isfactory r,esu l ts are often observed due to the presence of the 

li thium ~butoxide forrneà in the reaction. 

CH,oCO.>=< ou 
'F(. + + 

, DL; 

)=<+ 
SChene 3.11 

* The syntheses of silyl enol ethers will net be discussed as they have 

" been reviewed elsewhere251,252,253. 
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This eontrasts with the ease of ~nol sily1 ethers with which the innocuous 

t. tetramethylsi1ane is produced (Schem~ 3.11)27,28,255. Under, the 

eomitions USErl, tetramethylsilane dces not exchange its hydrogen atans, 

and moreover, ean be used as an internaI standard for I H- N•M.R. spectro­

scopie chat:acterization of the reacti,on. These enolates can be reacted 

with primary, and some secondary aIky1 halides and activated halogen 

eompounds256• They will also undergo Micha~1-type alkYlations.with 

appropriately substi tuted vinyl Jc;etones (Table 3.1) 257,258. 

Table l:!:. Alkylations of Directe::! Li thil.lll Enolates 

Sily1 Enol Ether Alkylating Agent Product Yield (%) 256 

OTMS 

96 

82 

O:rMS 

87 

, 
, ' 

'Lithhm em;üates rare part~'cularly useful when ~ car~nyl. group ~s 

to be alkylated at the more substi tuted ,Ct -posi tion . (thermod=inamic 

.. . , ' --------:---.......------r-... -.... ~~7 ..... --, ~_4 ......... _ ... ".~ ""-- .. --.. ..,....-

, ' 
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enolate). When it is the less substituted a -position which ,is to be 

alky.1ated (kinetic enoh.te), the quaternary anmonium counte~ion gi ves 

better resul ts259• Quatemary anmoniun enolates are not easily accessible 
. 

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

reaày availabil i ty· of guaternary amnoni\Jll .fl uoride sa1 ts, such as II. -BU4F, 

these reacti va intetmediates are easily obtainable fran silyl enol ethers 

(Scheme 3.12 and 3.13) 269. 

OTMS 

D 
OTMS 

'6 

__ R_"X_.~ + 
, RI/ 

R=CH, R',= CH,-{-:-~ 
-scheme 3.12 

~HO o 
~ 5-10%~1 

n-8u4 NF 
" 

Schema 3.13 

.OTMS 

OTMS 
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This lacter reaction also shows high stereoselectivitYi in one example, 
~ ~ 

only the product deri vs:! fran axial a~ of the cyclic silyl enol" ethe~ 
is observed (Scheme 3.14) 262,263,264. 

OTMS 

+ PhCHO S-;10%mol .. 

Schane 3.14 

~ 

OTMS 

Ph 

o 
o 

3.4 ALKYLATION OF SII~YL ENOL ETHERS ONDER NEOTRAL OR ACIDle CONÔITIONS - - ----
3.4.1 Non-Carbon Electrophiles 

'--
1 . 

o 

The reaction of e1emental halogens with eno1 sily1 ethers leads to 

a -ha1oketones, or under very mild conditions, CI -halo sily! enol ethers 

with high (z)-stereoselectivity (Schema 3.15)265. 

R' R 

~ 
TMSO 

• R''riR 
'fi> 

Br 

Br O,TMS 

NEy 
R' R 

>=< Br OTMS 

- 0-R''T:'R -
94 Br Scheme 3.15 

- -~- ~-- -
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CQnpounds of type 94, for exanple, are versatile' synthetic intez:mediates. ' - . 

, They 'cao be alky1ated wi th carbani:ons o(Scheme 3.16} l ' qr' irt œi:tain ca~, , 0 

the anio,n'formed fram lithium-haloçen exchange"can De alkylated wit:h 

aldehydes or ketones (Schema 3.17) 266. 

R" R 

>=< Br OTMS 

~ ,::. --.,.,. - ........ 

F\ 
Br OTMS 

t- SuU l ' 
-700 ~ 

"{-\ -

Li o-TMS 

, • 0 

. R" R . f' 
", '\-./ . '.' 

~ i 

• 
Rif ' OTMS 

o '\ 

. . 
.,. 

• 0 

• t '" 

Schema 3'.16 

0' 

. . . / 

RÂ" t· 
.. HO-..t:=\ 

~. a 0 :._AQQ" : ,1 OTMS ' 
, R ' 

. '. 

. ' 
Schem~ 3.17 . , 

Halogenat~on of 'enol silyl ethers i5 also 'P,lssible usiIJj ~ N-ch1oro or ' 

N-branosuccinimides253 .. 

• Enol 5ilyl ethers react readily with 'Phenylsulfe"nyl éhloride t~ 
o ", 

• r· , ~ \ 

generate< ct -phenyl thioketones (Scheme 3,,18) 268 • 
Q <!J 0 '" , 

ft' .. 

" 
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TMS 
P) 
~SCI 
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d 
Scheme 3.18 

3.4.2 ~ 'Ha1ides aOO Anhydrides 
o 

, 
In the absence of any cata1yst, satie acy1 halides are sufficient,ly, 

reactive to allow the acylation of si1y1 anol ethers (Schemes 

3.1926~,270,~71,272). Eno1 si1y1 esters_ a'1so uOOe~go acylation without . 
(Schane 3.:20) 273. the need of a catalyst ~ 

v .R' R 
' 0 

R~Z2~ -'={ Z2CYCOCI 

(Z2CYCO)20 ~ . R" 0 OTMS '" 
Z'2Y = C1:t,CI2H, F3 

~ 

.. 

COCI RX7'~ f 1 - 0 
caci R' 

0 

Scheme 3.19 
,; 

~ 

OSiE;t3 CH:PQÇI CO'2CH3 

=\CH .. FI' , . 
• 3 Et3SiO 

Schane 3.20 

é 
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1 

( 

otheJ:: silyl enol ethm:s, however/, require a Lewis acid catalyst. The most 

popular Lewis acids employed for acylation aOO othe!: alkylations which 
1 

will subsequently be described, are titanill1\ tetrachlorid~ (TiC1 4) arXi the 

zinc dihalides. '1hese catalysts usual~y deteœirfe whether o-~cylation274 

or C-acylation275 (Scheme 3.21) takes place. 
.. ,.-----

" 

OSiEt3 

=< 
OTMS 

={ 
R TiCI. 

Scheme 3.21 
.. . fi 

3.4.3 Alkyl Halides , 

Enol silyl ethers are alkylated by tertiary, benzylic aIrl allylic 
.. 

hal ides or acetates, those compounds which are ,susceptible to SNl 

reactions. Lewis acid catalysis is necessary in these alkylations (Sche'ne 

3.22) 276. It is int~resting to note that enolates, on the other hand, . are 
" . 

alkylated by primary, and in sane cases', secondary alkyl halides, that is, 

those compounds suscéptible to SN2 reactions. The two methods, base 
1 

catalyzed enolate a-alkylation and Lewis acid catal~ed sily1 enol ether' 

a -alkylation, are thus canp1aneptary. 

r) . 
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Br 

Schene 3.22 

" 3.4.4 Ketones, Aldehydes, Ketals, 'Acetals and Orthoesters 
( 

Ketones and a1dehydes readily a1kylate si1yl en01 ethers aoo biA-. ' 

ketene acetals'in the presence of a Lewis acid catalyst. They d~splay few 

'of the problems WhlCh plague the aldol condensation; dlrneriz~tion, 

polyrnerization, aoo dehydration. The Lewis acid, ~itaniun tetrachloride 

for' example, prov ides sufficient acti vation of the electrophi le to 
, , 

catalyze the regiospecific and chèrnospecific condensation of carbonyl 
1 

groups with a range of sil yI eno~· ethers277 • 'Itle)uooesirab1e dissociation C 

of the a~doL product is prevente3 by formation of the ti tanhrn chelate 22. 
(Scheme 3.23) 278. 
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~~bH 
scœœt 

95 -

The titan~ tetrachloride is used in stoichiametric amounts and the aldol 
c... ' 

produet is, obtained cleanly and in high yield30 ,279. Moreover, the 

reaetion displays considerable diastereoselecti vit Y presumably because the 

transi tion state i5 cyel iealll,. (Sc9eme 3.24; only one diastereomer 96 

was isolated) 280. , ~ 
, TMS 

~ ~OTMS 
CH3CHO .. pH .r 

TiCI
4 i H 

"'. ' 
TMS 

, 
Scheme 3.24 96 -
~ 

The overall order of reacti v i ty of the eiectrophiles 'towa~ds enol .. . , 

5i1y1 ethers i5; aldehydes (-7SoC) > ketones (OoC) » esters, where the 

mnbers in parentheses refer to the the.mtal ,reaetion eorxH tions nonnall y 

used218 • Silyl ketene aeetals undergo the reaetion in the sarne manner 

(Scheme 3.25) 281. 
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OTMS OTMS " 
(, 

t...{' ()HO 
+ ~I 

1 TiCI!, 

~ , 

OTMS 2 H20 
(\ OTMS 

\ 

OH 

. 
SchEme 3.25 

The remarkable difference between the silyl enol ether alkylation and 

the aldol condensa~ion lies in the classes of electrophiles which can be 

~tilized. The aldol' reaction is essentially limited co ketones and 
/ 

aldehydes. Howeveri as well as~~tones am aldehyde~, acetals, ketals, 

orthoesters, dithioketal,s aOO acetals, Ct-halophenllsulfides and chloro-

methylmethyl ethers, are sufficiently reactiv,e to alkylate silyl enol 

ethers (Table 3.2). 

, , 
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Table 3.2: Examplas of Elect'rophiles Which'Alkylate ~ SUyl Ethers 

Enol Silyl Electrophile 
; 

Ether 

/Et 
~SEt 

OC
· OTMS 

. 1 

OTMS 

\ 
"'t J' 

Lewis Acid Yiéld (%) Ref. 

Et 80 283 

SnCI~ 

284 

95 % 'erythrQ 

OCH3 

82' 286 
Ti Cl. 

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

of an overall synthetic scheme. 

U4 

\ 

1 
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3.5 S;LYL DIENOL ETHERS (~ILOXYBOT~~ ~ bi;" -SILYL ENOL ,ETHERS 

3.5.1 Siloxvbutadienes 

with 2-siloxybutadienes, for example 97, alkylation is observed o~ly 

at the Cl-posi tion (Scheme 3.26) 278,288. Essentially, these compound~ 

react in the sarne manner as non-conjugated silyl enql ethers. 

TMSO 

TMS~ 
97 

1 PhSCH:<>CI' 

2 (0) 

.. ' 

3 Â 
Schane 3.26 

.' .. 
o 

TMS~ 

On the other 'hand, l-siloxybutadienes, such as ~, have the opportunity to 

be al'kylated at elther the a:' or y-positions. Mukaiyama has shown that 

compoun:ls such as 98 react with el ectrophi l es preferentiall y at the -y-
- 0 

position289 ,290,29l. Dienolate anions such as 99, however, react with 

electrophi les at the Cl -position under kinetically controlled 

conditions 292 . Therefore, the use of silyl dienol ethers pr~sents a 
, , 

simple S0lutlon to the long standing problem of achieving y-alkylat~ori. 

• 

The relative ease of a-alkylation 'Y-alkylation has been the 
L " 

focus of e"t~nsrve study by Flaning243,2 2,293,,294. It is clear that both , 

the t~ of electrophile aoo the )Substi t ents on the butadie~e affect the 

extent of regioselectivity. role which substituents play at 

the Cl - or y -position remains uncert in. Electrophiles have been 

1lS 

1 

\ 
1 

,) 



, observ'ed to displ,ay the following characte~istics: (i) halogens and 

pseudohalogens react almçst exclusively at the y -position, (H) the more 

stable the carbonium ion (formally) derived from treatment of a carbon 

electrophile with the Lewis acid, the less ex. -alkylation is observed295 , 

and (Hi) "posi ti ve oxygen" electrophi les, such as m-chloroperbenzoie 

acid, ëI:3d exclusi vely at the et-position294• 'nle type of butadiene also 

affects the regioselectivity. For example, with aldehyde and ketone 

deri ved compounds, such as 98 (R=H, alkyl not CÉ;HS)' 'rea~tions normally 

take place at the Y -posi tion. Ester deri ved canpourx1s such as 1!! (R-o­

alkyl), on the other hand, show coAsiderable variation in reactivitYi Y-

selectivity can be enhanced by electron donating S-substi tuents or by 

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

has the most profound e.ffect of a11; increasing electron withdrawal 

encourages y-alkylation. Sana representati ve results of the extent of Y­

alkylation under a variety of aonditions are given in Table 3.3292• 

3.5.2 1,3-b-L.s -Trimethyl~i loxybutadienes 

.. 
1,3-b..i.6-Trimethylsiloxybutadienes react analogously ta 1-si1oxy­

butadienes.' Following monoalkylation, however, the ranaining enol sUyl 

ether may a1so re,act to form dialkYlat~roducts. One of the most 

s~udied ~pouh:ls of thls type 19 1,3-b.i.6-t\.imethYlSilOXY-1-methOXY-1,3 

butad iene, 100. The Y -pasi tion is the more easi ly al kylated, al though 

dialkylation accurs readily. 

shown in Sç:heme 3.27297• 

~ " 
• ' 1,_,. 

Seme simple reactions of this canpouoo are 
1 
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Table 1d:. Regioselectivity ~ ~ Reaction .2! l-(trimethylsiloxy)­

bucadienes ~ Electrophilesr" Expressed 

Ci). of y -Adduct Obtained292 

R' 

, - R'=H 

as ~ Proportion 

~R -R.=Ph 

OTMS 
.' ~!------~--------------------------------------------ElectroP~ile 

PhSCI \ 
o 100 100 100 , 

100 

PhSCH2CI a 45 65' 85 

PhS~IH(CH2>:ZCH3 a ---------66 84 100 

PhCHO b 100 

HC(OCH3~ 100 a 100 
c 

(CH3)2 C (OCH3 )2 b '100 

CH3CH(OEt)2 60 100 
a 

teuCl b a 

CH3COCI u'; d 100 
c 

PhCHCH.3 NR 
d 

78 
1 '\ 
Br 

Lewis acid 

a ZnBr2 Œ TiCl, ',1 

C catalytic amount of ZnBr2 

, reaction failso 
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:1., • 

'-
i 

o 0 

"~OCH3 

101 

PhCHO r TiCI. 

Scheme 3.27 

" 
. 0 

~02CH3 
Br " 

It is interesting to compare the reacti vi ty of the dianion 101, formed 

under basic conditions, wi th the b.L,6-si1yl enol ether lOO. The dianion 

acts as a ha;d nucleophile aOO attacks CL , a-unsaturated carbonyl systems 

in a 1,2-fashion298. The b.i.,6-sily1 enol ether, on the other hand, acts as 

a soft nucleophile arX! adds conjugati vely te", B-unsaturated substrates 
, -

under ~i1d conditions (Schene 3.28) 297. 
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-? ~ . " OCH:î 
, , 

C02CH3 . 

' . tiC1 
•. . 

~OEt OH , . 
,~ ~~o.CH, .. 0 

~ 

, C0 2Et 

Scheme 3.28 

3.6 RING FORMATION 
'-, 

1 

,---3.ô.l The Synthesis of Six-Manbered Rings 
- 1-

The formation of cyclic canpounds is a challenge of sane consequence 

to the synthetic' organic chemist. Many of the natural products of 
" ' . 

interest as synthetic targets contain at least one' ring sy'stem and many 

are polycyclic in nature. Methods for ring formation, therefore, have 
l' 

bee~ intensi ve\.y sought for sorne time. Durit:lg the era when s~eroids 

presented many of the most difficult synthetic challenges, it was the 

.. construction of 6-membered rings which were the focal point o'f much i 
research. One reaction which has been extensi vely used is the Robin"son . 

annelation (Scheme 3.29) 2~9. ' The r~iochemistry of this reaction ls 
.. , Ç" l 

éssel1tially controlled by the direction-of P?lariza'Hon wi thin each 
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frrt , represented schematica11y_ in Scheme 3.30. 
." 

\P 

of: 
OCH3 CHJ + .. 

base 
0 

Scheme 3.29 

ô+ 

J oÙ of + - . 

~ô+ 
ô-

Schene' 3.30 

While this and other traditional ring-forming reactions are very 
, . 

usefu1, synthetic targets exi$t for which they can not be suitably 

employed. Rece:,ntly, a new approach to ring formation was described300• 

The reaction invol ves the condensation of two 3-carbon uni ts; one wi th two . -
nucleophilic sites and the other with ~ electrophilic sites. 'Ihe regio­

chemistry of this reaction is controlled by the differential reactivities 

at these si te;s (Scheme 3.31). 

w-< 
ô+ Scheme 3.31 

\ 

One dinucleoPhilic fragment which cao he used is the b.L4.-sily1 eno1 
---- .. . 

ether 100. As has bean described (v-i..de ~u.plt4), this compound shows 

greater reaetivity at the 'Y-position th an at thea-position, so that 

r 120 
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ei ther monoalkylation 'Y-pos Ù:i on) or dialkylation ( a - arx3 'Y -posi tion) 
" ., 

can be selected. Using a variety of B-dicarbonyl equi valents, wi th r 

titaniun tetrachloride cat~lysist! a gene;al route to methy~ salicylates is 

available. 
, & 

The regioselecti vit Y is controlled° by a propitious choice o~ 
o 

\)1 

carbonyl equi valents (the dielectrophilic fragment) 1 which is governed by . 
the @rder of reactivity for the electl;:oQhq.ic~canponents under~titanium 

o 

tetrachloride catalysis; conJllgate (y -) position.of an enone > ketone > 
fi' 

monothioaceta 1, aceta1 300 ,301. In consideration of these relati ve .;;-

reactivl~ies, reaC';lons can De àeslgned to glve prodllcts.with canpletely 

1 

prahctable regiochanlstry (Schemes 3.32 and 3.33). 
'?, 

o 

II' 

?TMS pTMS 4> q 

~OCH3 
0'" , 

" 

Scheme 3.32 

OH 

OH 

• 
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'0, 

o OH 

Il 

Schene 3.33 

.. 
Thé use of l:.Q2, â' ~asked ,,'form of methyl àcetoacetate, is of 

particular interest because the acetoacetate uni't is one of the 

fundainental building blacks in the, biogenesis ,of riatural products. '.l\olÔ .. 

examples of Very short regioseleé'tive syntheses' pf natural products are, .' .' ' . ' 

gi ven, in' SChemes 3.3,4303 and 3.35301• 

, . .'.TiC!4· . 
~ , C02CH3 

\ . 

" -HO 
OH 1 LÔA/C~31 . . ' 

. ~ 
3.H+ " 

" 
o 

~, . . . 
Sclerin .. , 

f ..... .122 
.' 

',' ... , 

i , 
) . 
f 
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'·C 

, , ' 

TMSO' OTMS 

O' -~~CH, 
"n D,y g . 

+'R~CI 

TiCI~ 

OH 

R 

R 

11 , 
~ -Ietrahydrocann~binol 

\ 

./-
/ ----Schème 3.35 

• t .• ::i~, 
These examp~es' serve to show the utihty of .this reaction scheme in the ., 

synthesis of complex arcmatlC systems not easi1y obtalned by other routes. 

To Seme extent, the cycllzatlon readion to fOIm 6-menbered aromatic 

rlngs proceeds successÏully because of their intrlnslcally stable nature. 
\ u • 

Whether the use of thlS reaction could be extendeà to the synthesis'of 
, ..... ~ 

. less stable rlngs. of other i'sizes; however, rana~ned to Ce determined. The" 
~ ) 

construction of 5-merElbered rings has provièed at least as great or perhaps 

a greater chal"lenge to the' synthetic organlC chemlSts than the 6-membered 

ring. Th~ ~embered ring systems, cyclopentane, cyclopentene, and Cycle--

pentanone, for example, are observed in a myriad of natural prcrlucts which 

have been chosen as synthetic targetsi such as the acoranes 102304 , 

isocanene ill,30S 'àrrl the prostaglarxlins CPGF2a} .lli306• It is the latter 

grollt' of compoun:is which bas captured the imagination of synthetic organic 

... 
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chemists over the last decade. 

102 104 - -, 

An account of the attanpts to make 5-membered riD;l systems of this type, 

using.o; the cyclization strategy described above, will bEl the focus of the 

. ranainder of this chapter. 

3.6.2. '1be Synthesis of Fi ve Manbered Rings 

The six membered ring cyclization utilizes a 3'::'carbon + 3-carbon 

condensation •. The corresponding cyclopet)te:non.e system wou1d thus 

theoretically invol ve a 3-carbon + 2-carbon system (SChema 3.36). 

__ ...... 'Lw ..... c-,'-4 
.. Scheme 3.3~ 

Fran an retrosynthedc analysis, the 'syntlièsis of a 2-carbon dielectro­

phile, a masked l,2-dicarbony1 uni t, appears te be simpler than that of a . 
1,2~inucleophilic unit:. Therefore, the reaction chosen to be ipitially 

studied involved.!QQ, a compound whose reactivity is weIl known, with a 

series of l,2-dicarb~,myl uni ts (Scheme 3.37). The purpose of tlle study 

l.24 



1 

Was to examine the relative reactivities of various dicarbon 1 eqUivalents 

when in a 1,2-re1ationship and a1so to examine the'possibil . 

this awraach for the constru~ion of fi ve membere3 riIXJs. 
i \ 

,0 TMSO ~ 0 

) 

-
R \ 

\ 

_J:.J:..TMS ., ~ 
ô= ô- OCH3 

100 

ô:t 0+ 
H~R 

o 0 
SChEme 3.37 

~ 

3.7 SYNTHESIS .Q! THE EUX:TROPHILIC ~ NUCtEQPHILIC COMPO~S 
• ", < 

3.7.1 Nucleophilic Çanponents 

) 

1.3-b..U-Trimethy1siloxy-:,,1-meth9xy-l,3-putadiene 100, the dinucleo-

philic component of the cyc1ization reaction, can be synthesized in 

excellent' yield. Beca\1se the direct silylation of th~ dianien of methy1 1 

.acetacetate leads te c-o-b.u,..silylation307, the reactien is nennally dene 
• 

in a two step process (Schema '3-.38a) 300. 

',\') 
125 . 
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fI. 

E:Z 
5:1 

105 -
Il 

, . 
~OCH 3 

" 

Scheme 3.38 

OTMS 

~C02CH3 

TMS 

-a 

,b 

T~~ first st~p is based on work by Danishefsky~08 and Dunoguès309 where 

the silyl group is introduced in basic média with zinc chloride catalysi~ 

1:.92.. The second step, using 1 i thium di....i..6 o-propylamide, chI oro .. 

trimethylsilane and tetramethylethylenediamine (TMEDA) as a lithium' 

chelating agent300, proceeds ~eadilY"to give a single isaner, based on the 
1 

observation of only two trimethylsilyl peaks in either the 1H- or 29Si:' 

N.M.R. speètra. 

Probl.ems can arise, however, during the removal of TMEDA in the, work-

up procedure after the second step. First, the,compouod.cannot, be 
1 

purified by chromatography on si l ica gel or al utnina as this leads ta ", 

extensi ve degradation. Second, contrary to reports in the 

literature307 ,310, it is observed that elevated tanperatures <)0°0 lead 

ta partial ·decomposition .or rearrangement of the molecule·, and thu~Î . 

126 
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distillation to gi ve the product in good yie1d is difficul t. As a resu1 t, 

the TMEDA must be removed over a long peri?d of time (.6-14 hours) under 

high vacuum at room temperature. Even under thèse conditions sorne 

decomposition occurs. 

The stereochemistry of 100 was ini tial'ly assigned to be (E) ba,sed on 
~ 

work by Ireland31l• It was discovere!d during the course of w?_rk with this 
( -

compound, and by others3lO, that a novel 1,S-thermal silicon migration is 
, . 

a mafn pathway for the decomposi tion of lQ.Q. (Scheme' 3.38b). In l ight of 

this rearrangement, it can be conc1uded that 100 exists in the (Z) 

isomerie forro. However: the existence of an eguilibriUTI between the (E) 

and (Z) lsomers cannot be exc1 uded. 

In the absence of TMEDA, excellent yields of .a b.i..trsily1 en01 ether 

are obtained at aIl temperatures below OOC (Table 3.4). Even wi thout· 

purification, only one compouqd is isolated. This product is ,identical to 

that synthesized in the Fresence of TMEDA, based on IH_ or 29Si-N.M.R. 

studies. Moreover, i t can be i501 ated wi thin one hour and wi th much less 

concomitant decomposition. At OOç or greater, significant amounts of 
.. 

rearranged and polymerie products are obtained. 

3.7.2 Electrophil ic canponents 
\ 

Procedures for the synthesis of 1,2-dielectrop?il ie ccmpourXis, such 

as 106 where R=C6HS' are \oIell known. Therefore, dielectrophi1es of this 

t~e chosen to be used in the cyclization reacti-on to fOIm 5-menbered 

rings. The scheme for the synthesis of some selected e1ectrophiles i5 

gi ven in Scheme 3.39. 
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Table l:.!i Reaction Efficiency ..!!l ~ Absence of TMEDA 

Relative proportion of silylated canpounds in the OTMS 
fo_tion of 100 at various temperatures. ~C02CH3 

TMSO OTMS TMS 
Temperature Conditions 

'lMSOTMS ~OCH3 
25 

0 

0 

-23 

-42 
-78 ' 

-78 

No temperature 

control, canpounds 

rapidly mixed. 

~rature con­

trolled using H20 

bath, ccmpounJ~ ~ 

'mixed slowly. 

Rapidly mixed. 

Slowly mixed. 

CCl41C02 

œ3CN/~ 

œ3COCH3/~ 

œ3COCHy'co2 . + 

TMEDA. 

* x 

3 

15 

6.5 ' 

15 

11 

10 . 

10 

lOO-x 

57 21** 

as 
80 ~. 9 

.... - & • .85 .. ' . ._. 
89 

90 

90 

-uo e~er/C02 13 87 

J, 

* 

** 1 

The % of the enolie compounds is based on the integration of the 

viny! ie hydrogens. The non-enol ic components were evaluated 

using the integration of the TMS peaks. 

Since TMSOTMS peak lS under the C-TMS peak, the relative % is 

difficult to determine. The major (>90%) portion is the C-

silylated compound. 

The relati ve amount of the start:1ng material (105) is 9%. 

• 
1 
! 

1 
! 
1-

Al though TMSOTMS is present in aIL spectra, this compound can be l ' 
easilr removed by pumping at high va~ For example, the first entry at 

OOC, after 2 hours pumpiIl9, the relative % of TMSOTMS dropPe:J fran 6.5% to 

1.5%. 
/ 

...... 

./ 
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CI 2 
.. 

99(a) AcOH 
W W 111(0) 

lOB (b) 
CH~OH l CH30Na l SeO, 

H20 

1 0 

CHO CHQ 

5 (a) 
W --7 (b) 109 (a) 

1 TMSCI 
110 (b) 

,C:HlOH r 
~ 

° " OCI"h 
,'1 

Series W=H a 
OCH3 6(a) b = CH3 

W j 

S(b) 

Scheme 3.39 

. Il,Cl -Dichloroactetophenone 24 is readily synthesizErl by the direct~ .--
chlorination of S"ce"tophenone in acetic acid 312• It is isolaterl in a yield 

. , 
of 93% after distillation. Treatment of 24 with sodium methoxide in -
methanol under an inert atmosphere, leads to a' 81% yield of 2,2-dimethoxy­

phenylacetaldehyde, 109. T~e conversion of 109 ta phenylglyoxal 5 has -- --, -
been described by Trost72. However, as only fair yields are'abtained 

u~ing this procedure, the direct synthesis from acetophenone 99 can he 
8 

used. This invol ves oxidatian with selenium dioxide to gi ve ,the glyoxal .2. 

in 84% yield after distillation. This compound readily sets ta a stiff 

gel, prabably as a result of polymerization. Because of the difficulty in 
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harxHiD;;J pol~ers 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 proced'ures can be equally applied to the p -methyl 

derivatives to give comparable yields (Scheme 3.39, series b)~ The 

starting material p -methylacetophenone 108 can be synthesized in 73% yield 

by the Friedal-crafts reaction, of toluene with aœtic anhydride3l6• 

3.8 .CONDENSATIONS 

3.8.l Monoalkylation 

The b.u-silyl enol ether lQ..Q. can be reacted te 9 
, .. ': ~ 1 \ 

alkylated proQucts with cata~ysis Py one egulval 
\ . ',' \' ... 

. l 

, , 

chloride (SCheme 3.40). These reactions must be quencl~ed with basic media 

to neutralize the Hel formed after the hydrolysis of TiCl4. Normally, the 

use of aqueous sodium bicarbonate solutions leaves emulsions of titaniurn 

dioxide.~ich are difficult_t~ separate fram the organic components of the 

J:.'eàctions. Al ~ernate . work-up procedures can be used, such as, Arl1berlyst 

All weakly basic resin am .Lb o-propanol, or -10. agui valents of water in 

the presence ~f excess solid K2C03 or NaHC03. However, While the latter 

two procedures avoid the formation of emulsions, the reaction products arxi . , 

yields are inconsistent. Therefore, an aqueous .wor~ followed b! 

extraction with ether is considered the oost choice of the neutralization 

procedures attempted. 

'. 
/ 
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PhCHO TMSO' OTMS '. 

\. AAOCH
3 

' .... , ~ 

TiCI. 

.,' 

TNTMS 
~. ~OCH3 

-

1TiCI. 

.+ CI 

R R 

'0 

C OCH3 
" • + OCH3 .. 

j 

" .. 
+ 

'( Sch~ 3.40 

.. ' .. 

~ ." . " ~C~~ 

~o 

HO 

CI 

a 
112 -

- -

,OOCH3 

b 

115,116 

OOCH3 

c 
113'~ -

d 114 - .. 
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The crude· reaction mixtures after work-up (Schene 3.40) consist of a ," 

major product wi th traces of .other compounds. IH-N.M.R. spectra of the 

'" crme mixtures show the desired monoalkylated products 112, 113, 114, lli 
or 116, in yields in excess of 70%. The );:Urification of these canpourxis, 

however, leads to seme difficulties. For examp1e attempted-seParation of 

.lli on mesh chranatography gi ves none of the purified material (the yield 

of the crude starting material was 55%, based on IH-N.M.R.). Thi.s is due 

to the crude materia1 undergoing a very efficient retro-aldol reaction in 

the presence of the T.L.C. siliç::a gel. The use of flash chromatography 

g1 ves improved yieÎds' for 115 and the other cornpounds, however, sorne 

-decanposition on the column always accanpanies these separations. Modifi­

cations of the chrcmatographic procedure, such 4S tlle deacti vation of the 
~ " ~ . 

silica gel with methanol, triethylamine, or water, do not leëd to improved 

yields. 

As can he seen, aIL these reactions gi ve y-alkylation products; no 

evidence of Il -alkylation is observErl. Moreover, all of the electrophil 

react, exclusively at the more reactive carbonyl position. It should 

noted that the bi.6-si lyl enol ether 100 formed in the absence of TMEDA 

(Scheme 3.40a) reacts in the saIne manner as that fonned in the presence of 

TMEDA (Scheme 3.27) 1 confirming that the two synthetic products are the 

same297 • 

3.8.2 Dialkylation 

The Lewis acid catalyst which is anployed in the aldol reaction does 
.-

not act as a true catalyst in that. molar equi va l ents are required for the 

reaction to·proceed. Each carbon-carbon qond formed results in the 
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concomitant foœtion of' an oxygen-titaniun bond. It:was expected, there­

fore, that the use of two egui valents of 'l'iC14 wi th the l,2-die1ectro­

phi les (reactions 3.40 b, c, and d), wou1d .lead to cyclic dialkylated 

products. However, under these condi tions, reactions 3.40b and 3.40c gave 

the same monoalkylated products. Although dialkylation does nct occur in 
\ 

reaction 3.40d, an interesting deketalization at the benzy1ic position 

accompanies the monoai kyl ation (Schema 3.41). This deketalization dces 
,~ . 

not occur with unactivated acetals, sucn as ID (Scheme 3.44). As t}1e 

work-up for the reaction mak~s USé' of ba~ic media, conditions under whi~h 

t,he hydrolysis of ketals does not occur, this deketalization mlght be 

pramoted by titanium tetrachloride. 

\ } + 
) 

Ha -" 

Scheme 3.41 

In light of these results, it is reasonable to conclude that a -alkylation 

.of the presumed si Iyl enel ether inte'rmediate 118 (Scheme 3.44) takes 

ace much less readily than al kylatitn at the )'-posi tion of lQQ. The 

dich oroalkyl grçup, dimethy1acetal or dimethyl ketal, are not sufficiently 
" 

It is obvious that a more 

po ent e1ectrophile is required if dial ky1ation is to be achieved. In 

reaction 3.41, however, a more petent electrophile, the benzylic ketone, 
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1s generated ln .6Lt.u.. One should be able to' take' advantaqe of this 

situation ~ using more TiC14• Irxieed, \1hm three equivalents of titanium 

tetrachloride are used, a -alkylation can occur to generate the eycllc 

system (Scheme 3.42). 

TMS9 Cj>TMS 

~C~3 
+ 

o 

\ 

TMSO 

, . 

+ 
TMSel 

a) 'R ~ H, ~ 

b) a = CH3' ~ 

118 -

These cyclopentenones can be easily identified due to the very reeog­

nizable ABX system in the lH-N.M.R. spectrum. A portion of the 200 MHz 

spectrum of 119 is shown in Figure 3.1 (the aromatic region aOO the region 

below 2.5 ppn have been anitted). 
.. 

Concentration and temperature regulation play very ~portant roles in 

the reaction. A~~er mueh experimental trial. and errOr' the ,optimum 

reaction sequence is as follows: one hour at -78°C, war.ming to OOC over 15 

minutes '(iee bath), and then the quenching of the reaction. If the 
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cons=entration of either the enol sUyl ethér, or the electrophi1e are 

greater ,or lower than 0.1 M, thÉm much lowet: yieids of" the desired .~lo-. . 
pentenone are realized. If this ,regime' 1s not follo~, complex reaction 

~ 

mixtures result fram either excessive reaction time or ~erma1 conditions, 

" '> and monDaI kylatéd products tesul t han ei ther insufficient reaction times 

or thermal conditions. 
? 

The yi~lds of the reactions 3.42a and b are xelati vely high (70-80%),· 
, , ' 

baseà on the IH-N.M.R. analysis of the unchromatographed materi'al. 
" 

Hm-lever~. substantlal àecomi:>osi ::ion -~ tne proouc~s occurs on the si lica 
- .. , , 

gel column. Altnough deactivation by methanol, of.~the siUca gel, 

improves the isolated yie1ds, they remaln moderatei 35% and 48% for ru, 
aoo 120, respecti ve l y. The occurrence of decanposi tion on the coll.l11Il is 

fTlost llkely a reflection 'of the intr'insic instability of 'the cyclo-

pentenone system. ~here is ready ellmination of water from cyclo-, \ 

to cyclopentadienone~ '1be~e cèmpotms then réadily 
.' ' 

pentenones Ieading 

undergo Diels-Alder and .other processes to give a complex series, of , 
products, and p:)l~rs (Scherne 1.43) . 

~I 

, 
'" 

0 " "-

.0 EfrE ·-r E 

E '. e: " , 

HO 
<" 

"E '=C02CH3 
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> QCOOCH, 

HO . 1 Ph 

o 

(yCOOCH, 

'U(Ph< 
j 

o 
COOCH3 

o 

Ph 
COaCH] 

+' exe i som ers 

Schene 3.43 

.. ' ' ~ 

a 

, p 
3.8.3 Conttolli$ ~ R.egioselectivity ~ ~ Fonnat.ion 

/ 

IJ 

It was initial1y hoped that both possible regioisomers could be 

selectivè-ly fomed in the cyclization reaction. ' Howevér, sinee deacetali-

zation only oècurs with t~e benzylic ketal 121 --) 118, just one regio-

isomer lS accessible (Scheme 3.44) ~ It had beenOanticipatea that the 
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electrophil ici ty of the two carbonyl groups of 5 would De simi lu arX3 that 
? -, . . 

the use of this reagent wou1d lead to a mixture of both possible regio-

isane~ic canpoums. It is surprising to discover, however, that the sanie 

regioisomer, 119 can a1so be form~ front thé a -ketoa1dehyde 1 '(Scheme 

3.45) • 1 

1 " 

, The reactio~ ,w1th this electrophile ls regioselective iOOi~ati~, 

<> under these corxUtio9S at least, that aldehydes are 1OO1:e reacti ve e1ectro-

philes than ketones, even activated benzy1ic ketones. The hydroxycyc1o­

pentenone which ii isolated has theyame substitution pattérn as the 

synthetically chai~enging p~andins skeleton. It is possible, 

thetefore, that other 1 simple ketoàldehydes could be used for the 

genetation of prostanoids by this simple reaction sequence. It should 

follow that one of the regioisaneric cyclopentenQnes is availab1e tran any , 

keto-aldehyde (Scheme 3.46).' These keto-aldehydes are very easy to 

generate* fran a variety of precursers317 ,318,319,320. 

to handle as polrmerization readily' occurs. 
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TMSO OTUS 

~CH3"--'-J 
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2 TiC' .. 

SCheme 3.45 

T)..JTMS, , 

, ~CH3 
2 Ti el. 

+ 

OCHCOR 

c/ 
Scheme 3.46 

" 

'" 

• 

'. ' 

C02CH3 

• 
R ? 

HO 
OH " 

The other regioisaneric hyàroxycyclopentenone, howevê~~ is nct nearly 
--~ ---as accessible. If cyclization wa~ t~Oêêur, a deaéetalization step would 

------------------have to be implementéJln between the alkylations of the two silyl enol 

ethers (Scheme 3.47). 

OTMS 
OTMS 

? f 

R • 

117' t Schelle· 3.47 122 -
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To be synthetically useful, this must occur in "one-pot" sequential 

procedure. Further constraints exist in ~t the reagent for deacetali­

zation must,not react wi~h the enol silyl ether. This i5 a difficult 

cpallenge as most acidic/deacetalization catalysts, such as aqueous acid 

or trimethy1silyl iodide, react wi th the enol si1y1 ether directly.: In 

one ex~riment, for example, the attenpted deacetalization of the inter­

mediate 117 (R=Me) with iodotrimethylsilane lèads to a canplex taro These - ,-
difficulties in the deacetalization process are exacerbated by the need to 

keep the reac~ion at low tempe ratures to prevent se1f-condensation. 

The simp1est sol ution to this problem would be to find a reacti ve 

electrophile with one of the following properties: (i) less reactivity 
.; " --

than a ketone but substantially more than ~n acetal, (ii) greater 

reactivity than a ketone, or (iii) less reactivity than a ketone, but must 

be transformable into a reacti ve electrophile urx:ler conditions which do, 

~ot affect silyl enol ethers. Tc be of synthetic use, these hypothetical 

canpouoos must be easi1y synthesized frem a carbonyl group (Schema 3.48). 
~ 

In addi tion, i t must be possible to control the regiochemistry of their 

fonnation. 

3.8.4 Approaches to Finding Al ternate Electrophiles 

'Soma attempts have been made to find electrophile5 which fu1fi1 'the 

requirements listed above. A possible al ternati ve electrophile exhibi ting 

the necessary properties of type (i) compound are the hemithioacetals. 

They are less reacti ve than ketones 297 and the possibi 1 i ty exists that 

their' reactivity is intermediate to acetals lor ketals and ketones (type 

i). '!bey can be synthesized frem a methy1 ketone or aldehyd9 to generate 
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:~~8 . 
both possible regioisaners of the Ct -carbonylhenithioaceta1. 

A synthesis of (l-ketohanithioacetals involves the following steps 

(Scheme 3.49). 'In the first step, the bromination321 of acetophenone 

proceeds re~:i,ly in 55% yield. It is surprising to note that the 

bromination of pheriylacetaldehyde under identical conditions, which would 
( . 

have eventua11y Led to the sarne products, gives only a canplex taro Next 

is the introduction of the thiophenyl group which, using a modification of 

the methoà of Duhame1 322 is achieved wi th thiophenol and triethyl~ine in 

colil hexanes to gi ve the product 124 in 99% yield. Chlorination wi th 

sulfuryl ch1oride323 gives the (l-ch1oro'phenylsulfide lli. in 99% yield. 
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Scherne 3.49 
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l 

o 

NEt3 

PhSH 
o 

Br 

SPh 

CHa , 

Î' 
Methanolysls of 125 leads to 126 in 87% yie1d 324 , while treatmènt of 125 

. with one egul va"lent of sochum methoXlde in methano1 at 09c leads to 127 ln 
( 

.a 7,7% yield32~. The yields of the overall reaç:tion sequences are quite 

. high 40%, and 42% from acetopheoone for 126 and 127, respecti vely. 

Unfortunately when the condensation of the herni thioacetal 126 wi th the 

b.t.6.-silyl eno1 ether 100 was atternpted, cata1yz,e:3 by three equivalents of 

TiC1 4 , the desned cyclopentenone is not fotrned, only the rnonoalky1ated 

prOduct 1s lsolated (Schene 3.50). 

TMSO OTMS 

-MoCH' .. 
+ 

o 

1 .. " 
Scherne ,3.50 
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This irxiicates that the henithioacetal is insufficientIy electrophilic to 

al10w the formation of 5-membered rings under the conditions used. 

Moreover, it is aiso unreacti ve towards the deaçetai ization s~ep whieh 

wouid have ailowed the fonnation of a more potent electrophile. 

A ,second eleqtrophiie of type (ii) is an intermediate in the 

synthesis of hemithioacetals, the a-chlorobenzyl phenylsulfide 125. 

canpouoos of this type can be used as electrophiles for the a-alkylation 

of carbonyi groups (v,i.de. .6u.pJta.). ,RecentIy, the successful use of methyl 

,~J Cl -chioro-a ""'phenyl thioacetate for condensations wi th sily1 eno1 ethers 

has been describ'ed (Sch~ 3.51)325,32~. 

f" 

Schene 3.51 

When the corresponqing reaction of 100 wi th the pheny1 ketone 125 is 

attanpted, with zinc branide as catalyst, none of the desired cyc1ization 

products are iso1ated. ~nstead, the formation. of' substituted furans, for 

which there is sorne precedent in the literature25B , and monoalky1ated , 

products are observed (Scheme 3.52). It can be seen that the furan 129 

aoo the ,inseparable pair of diastereaners 130 arise fran CL -alkylation of 

100 at the carbon bearing chlorine in electrophile 125. The other furan' 

13l also arises fran Cl -attack, but at the phenyl ketone centre. This is 

the only elect:i::ophi'le in the context of this thesis in which a-alkyla~ion 

of this type has been observed. This may arise in ei ther or both of two 

-ways. First, trace~ of the y-alkylation products ~ight be formed, 
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leading to a furan am concani tant formation of a hydroxylic species (such 

as trimethylsilanol). These hydroxylic species could hydrolyse 100 to the 

monosi1yl enol ether, which ~uld then uroergo a.-alkylation to give the . 
furans 129, lli, and the monoa1kylate:J products 130. Again, fonnation of 

these furans would be accompanied by the production of hydroxy1 ic species 

anj further hydrolysis of 100 could accur. On the, other haro, Fleming has 

noted that of aIL the electrophi les which he has tested (Table 3.3) the 

a. -chloro phenylsulfides gi ve the greatest proportion of CL-al kylation. 

'lllis electrophile may simply be one for which the CL-j 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 CL-

product takes place. However, it does sean unlikely that there would be 

enough of a thermod~ic ërlvantage in the formation of the CL -alkylated 

product to justify such a rearranganent, and. therefore, this possibility 

appears renate. 

Attanpts ta utilize electrophiles of type (i), hemithioacetals, or 

type (ii), CL-keto- a. -chI oro phenylsulfides, do not appear te be suit~le 

for the syntheSls of 5-menbered rings. E1ectrophiles of the type (iii), 

those which can be deblock~ in the presence of an e.o0l silyi ether, have 

recently been àescribed by Trost282• Dithioketals can be transformed into 

carbonium ions in the presence of a silyl enGll ether (Scheme 3.53) 327 • 

.. 
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It seems possible, therefore, that a procedure of this type would allow 

the fonnation of cyclopentenones as weIl (Scheme 3.54). 

R-' -+---< 
RS 

~heme 3.54 

This proposed scheme could allow the synthesis of bath regioisaners fran a 

single carbonyl group, an:1 as a resul t this type' of electrophile offers 

teai potential, although experimental work in this àrea has yet ta he 
~ , 

done. 

3.8.5 MOc3ification of ~ Lewis Acid catalyst 

Another ~ay in w'hich the reacti vi ty of the electrophile could he 

increased i5 the manipulation of the Lewis acid'catalyst. If a more 

oxophilic catalyst coul~ be \fouoo, t:hen it is possible that the e3.ectro­

philes described could be used to give the desired cyclization products 
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directly_ 80th stannic chloride and the zinc dihal ides have been used as 

Lewis acid cata-lysts, but both are less reactive than TiC1 4_ It was 

hoped, ~refore, that changing the ligaIX3s on the titanium would lead to 

improved electrophilic reactivity. Onfortunately, some preliminary 

experiments show that solutions of this kioo are difficul t to find. For 

ex.:mple, the cyclopentadienyl substituted tita~i\.l1l species (Cp2TiC1i) ia 

far less reactive then titanium t~trachlo:éide itself; no reaction was 

observed" in th.e condensation of benzaldehyde with methyl 3-trimethy11 

siloxy-but-2-enoate at 11SoC over a 48 hour periode ~ 

3.8 • .6 ~ Relative Reactivity of Electrophiles Towards l,3-bM-trllDet;hyl­

siloxy-l-methoxy-l,3-butadiene Orx1er h:::id Catalyzed CorxH tions 

The work described bas invoi ved the use of one silyl enol ether l:QQ. 

in condensation reactions with" a ser~es of electrophile~. While it is IlOt 

possible·t~ state that the order of 'electrophilic reactivity will be the 

sarne fo~ other silyl 'enol ether,s, it can serve as'a guideline. The 

relative reactivities of the electrophiles has,been found to be the 

foilowing (Scheme 3.55). 

RR'C(Cl) SC6HS > ArCOCHO > Ara:x:HO > RC(0Cli3) 2,RC(OCH3) ~HS > RCHC12 
," 

SchEme 3.55 

• 

, r 
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3.9 MmmNISM 

'--'., 

The mechanism of the reactions of silyl enol ethers wHh ele<::tro .... \ 

philes under tita~iun tetraehloride catalysis, have been postulated277 ,328 

to pr~ via a cyc~ic trans;'t,idn state (Scheme 3.56) • 

. TMS9 9™S 

1 

l' 

~OCH3,,' 
+ Ir 

Scheme 3.56 

Y,Y=Q , 

or Y'f=OCH3 

o 

Support for this rests upon the oc~urrence of diastereoselection dudng 

alkylation whieh must arise fran a relatively ri9~d transition state. No 

direct spectroscopie evidenee bas been reported to confirm this postulate. 

ln order to clarify the mechanism of the 3-carbon + 2-carbon 
, -

cyclization reaction, 29Si-N.M.~ using the lNEPT pulse sequence waS used 
l ' 

(Sée Appendix 2). 'Data acclll\ulations of only seven minutes are requir~ 
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fOl: each q.f the six spectra taken; whe'n usincj the,INEJ?T pulse sequence_ 

The concentration of the reactants' are necessarily high, an:1, therefore, 

01- the dil:ect mechànistic corl:elation 'with the preparative scale reaction 
1 - ~ 1 

caMot be necessarily inferred. '!he reaction is petfOIIDed at -sooe in two 

stages (at lowe~ ternperatures, precipitat;es form which g~eatly distort the 

spectra); to an equimolar mixture of the b..u-silyl enol ether and 2,2-
\ ~-

dimethoxyphenylaceta1dehyde, 'in Methylene chloride, is added 0.5 

equi viüents of titanium tétrachloride. After three spectra are taken at • 
• J 

approximately 10 minute intervals, the remaining 2.5 equivalents of 

titaniurn tetrachlaride is added to complet;~ the reactian and then a 

further three spectra are tak.en. The resul ts are st~pwn in Figure 3.!. 

,The stàrting b~i..6-sily1 enal ether shows' two peaks; the enal silyl ether 
,. 

(22.5 p~) and the enal sily1 ester (17.1 PJ;;.m). It should be noted that 

'these peaks are slightly downfie!d fram the corresponding peaks in the 

absence of TiC1 4/ the resonances in tpat case are 2l~8 and 16.2 ppm, 

respecti vely. Upon' addition of ti tan~um tetrach1oride, the enol ester 
" . 

peak begins ,to decrease in intensity anl is acccmpanied by the formation 

,of sorne ehlorotrimethyls~lane. There is 'a15O the formation of a new pea~ 

at 26.1 ppn which is believe:l to corl:esporrl to the chelated monosilyl enal 

ether 118 (Scheme 3.56). Wi th the addition of the rernainder of' the , --- . ~ 

titanilID tetrachloride, the eno~ ester aoo- enol ether peaks bath collapse, 

leaving peaks correspoooing to the trimethylchlorosilane am the rnonosilyl 
" 

inte:cnediate lJ&. "After one hour, the reaction is canplete aOO the on1y 

.rema.ining silicon containing product abserved is the chlorotrimethy1silane 

~~l.6 ppn)., 4U1d al~ ~ noted that the silyl peak observe::l at 26.1 

ppn, must he bound to an oxygen atom chelated to a. titanium rnoiety either 

." inter-, or more 1ikely, intramolecularly. The unchelated monosilyl enal 
\--. 
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~ 2:Si-N.M.~ Spectra Followi~ ~ .Corrlensation Reaction of the Irrlicated ,Enol 

Silyl ~ ~ Electrophile ~ Determine ~'Mechanism 
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(t refers ta the time hal~way·through an aquisitian) 
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ether 97 disp1ays a peak in the 29Si-N.M.R. at 20.09 ppn «E) isomer, the - " 
minor (Z) isaner (15%) disp1ays a peak at 19.93 ppn), considerably upfield 

of ,the peak observed fran 118. A downfield shift of this sort is a resul t 

of deshielding of the silyl oxygen atorn by the chelating ti tanium moiety. 
u 

This spectral data confilltlS the sequential nature of the reaction, 

shows that i t is, the silyl enol ester which reacts first through the ..., -

posi tion, that ti tanium directly coordinates, probably in an. intra­

mo~1ar fashion, to the oXygen upon which the silyl group of the si1yl 

enol èther resides, am finally, that trimethylsilyl chlc;>ride is the only 

silicon containing product of the reaction. 

3.10. CONCLUSION 

The utility of-stlyl enol ethers in organic synthesis is rapid1y 

becaning widespread. In arder t<? further evaluate the utility of thes~ 

'compounds a wide variety 'af dielectrophi les in a 1,2-relationship were . ~ 

synthesized. The relative reactivity of these e1ectrophi1es towards 1,3-

bi.o-trimethYI si 1axy-l-metlipxy-1,3-butad iene under TiÇ1 4 catalySis was 

deteImined. It has been shawn that y-alkylation is the preferred mode of 

reacti v i ty for this compound (wi th the exception of a-chlora phenyl-
1 1 

sulfides whiéh react predcminantly at the a -posi tian). In addi tian, an 

order of electrophilic reactivity tawards s11y1-ena1 ethers has~been 

est~l ished' based on ~e reacti vi ty of ~hese 1,2-diel ectraphiles. In 

certain cases, it has been determined that dia1kylation can accur 1eading 

ta- hydroxycyclopentenones. These canpouros are of interest because their 

substitution patt~rn is the saIne as that for the prastaglandins • 

The mechanism of the dialkylation reactian has been shown to proceed 
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via an intemtediate bourd ta the titaniun catalyst. The enal ester reacts 

first at the Y -position ta farro the ~helated intermediate. This 

intetmediate silyl enal ether then reacts at the a-pasi tian ta gi ve the 

cycl ie produet. It 15 hoped that the experimental work on the chemistry 

of enol silyl ethers bas served ta iooieate just what versatile reagents 

they are. Moreover, it is hoFEd that this mechanistic and synthetic work 

will further facilitate the use of silyl enal eth~s in syn~-;tiC organic 

chemistry. 

; , , 
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Appendix l:Chromatography 

A Cbmparison of the Relative Efficiency of Flash, Mesh, and High 

Pressure Liquid Chrematography 

One of the more' tedious and time consuming tasks in t~è' Organ'ie 
iJ 

synthetie laboratory is the purification of canpouros. It is also one of 
~ 

the most important procedures. The time which lS required to spend on 

.this problem, however, is minute compared to the situation only five years / 

ago. This can he credited large1y to Stil179 who reporteà a new chromato-

graphic technique, flash chromatography. Flash chromatography 
1 

incorporates features from both gravit y feed column chromatography and 

high pressure liquid chromatography, thus allowing the advantages of both 

techniques to be exploi ted.· The advantage of the . former technique is 

essentially the ability to do large scale separations, whi1e the. latter 

technique exhibits the merits of speed and high effi~iency. " 

Flash chramatography is a medium pressure colurnn technique which uses 

a smaller ~i 1 ica gel particle size (40-63 microns) for higher chromato-

graphie effieiency while maintaining reasonable flow rates. The technique 

allows the easy separation of quantities of material from l rrq ,to l 9 and 

may he further scaled-up in seme cases. Another very important element of 

. this techni,que is the direct correlation of the separation of compounds on 
P' 

a T.L.e. plate (0.2 rrm thiek, aluminum baeked) ta that on the column. For 

the separation of only two components, compourrls whose Rf differ by 0.1 or 

more can be easily separated. Its utility can be further expanded for the 

separation of multi-component mixtures by usin9-Step-gradient elution. As 

. --------. ,-
can he seen fram the experim~ntal section, this technique was extenslvely 

used. 
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Another technique which has been exploi,ted-to achieve good --.. 

" separations is mesh chrornatography80. This is a similar t~èhnique·to 

flash chromatography but differs in the mesh of the silica gel ustd. To 

~nsate for the higher density of the packing of the smalle~ partic1es 

(T.L:C. grade sil ica gel), less silica gel is required. Therefore, this 

procedure belongs ta the family of short column chromatography techniques. 

Mesh ·chrornatography allows the separation of two compounds with an Rf 

difference of 0.07 or greqter. rt is inadequate, however, for the 
~ 

separation of mu1ti-component mixture~ with or without step-gradient 

- .... 
el ution. One disadvantage of this procedure is the poor correlation of 

j 

the separation of ccmpounds on the collJIlIl with that on a T.L.C. plate., 

Bath mesh and flash chramatography are extremely simple ta set up, to 

run, and require very inexpensive equipment. There are limitations,' 
'%:' 

however, in the arnount of material which may be separated and the 

efficiency of the separation. For large scale separations, the Waters 

Prep SODA ~.L.C. can be util ized. This instrument allows flow r~tes of 

50-500 mL/min through a radially compressed column (6.25 cm ipternal 

di arneter , 30 cm in length) with an internaI volume of 500 mL. This large 

,scale equipnent i5 part~cularly useful for such problems as the removal of 

fbenZYl a1coho1 from a mixture of benzy1 alcoho1, benzyl ether and rnethyl 

benzoa€e (see ester experimental section). 'The removal is accomplished by 
, , ' 

trapping the benzyl alcohol on the colurnn with a no~-polar 'eluent leaving 

the etheric ccmpounds free 1';\';0 elute. Subsequently, the benzyl alcohol can 

" " 

be washed from the colœnn with methanol. Although this is not truly a f 

chromatographie procedure as much as a filtration, it is a very useful 

separation techniqye. 

It is aiso. possible ta us'e the Prep SODA for separations which 
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required high chrcmatographic efficiency. The col\.n\ns sqppl,ied by Waters;, 

• 
hmvever, are far ,too large, am expensi ve in the use of sol vents, to use 

for the efficient separation of small quantities of material. Therefore, 

, . 
a 2.5 x 30 an stainless steel col umn obtalned from Waters. can be aclapted .. 
for use in this contexte Unfortunately, the silica gel supplied by Waters 

gives poer results when packed in this sma11er column. However, by using 

a different si lica gel (43-60 microns, Merck Ideselge~) and the dry 
" ~ , 

packing _ technique of flash chromatography, the separations can be 

improved. 

Further modifications of the equipnent were required be~.ore efficient 

separations could be achieved. From chromatographie theory329, the\ 

reduction in flow rate and/or particle size of the packing material • 
improves the separation of the ccmponents of the mij"ture at the ex pense of 

separation time and col uron loading, respecti velYe In consideration of 

this theory, a flow rate of 25 mL/mln was fourrl te he optimum in terms of 

resolution, efficiency and time. However, the instrument only a110ws flow 
~ 

rates of up to 500 mL/min in 50 mL/mi\ increments. The ideal f 10w rate, 

therefore, was unattainable. 

The flow' rate control 1er was modified to make this optimum flow r~ 

accessible. The flow rate of a Waters Prep SOOA Liquid chrcmatograph333 

i$ controlled bya feedback mechanism which compares the existing flow 

rate, represented by a vol tage across' the flow rate tranSducer, with the 

newly selected flow rate, represented by a vol tage taken from the f10w 
J 

rate switch, (a voltage div,ider). If a difference exists between the two 

vol tages, the flow rate will be incremented or decremented unti l the new 

flow r~'te is establ ished. Flow rates other than those provided by the 

manufacturer are obtainable by modifying the flow rate swi tch. This can 
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, 
be done by adding a 500- 0 variable resistor between the idle point (see 

Figure 4.1, posi tian A) and the third position of the flow rate swi tch 

(posi tion B). This permi ts'a smaller vol tage change ta be selected by 

, , thé comparator, arx3 thus, control of the flow rate from 12-100 mL;1nin is 

Figure .!:.!.!! CirC!ui t Diagram .2f ~ Modified Waters Prep ..?Q.Q! Liquid 

Ou:anatograph* 

... 

A 
a IOLE 

~"417 
~10 

DECRUSE 
FLOW 

RELAY 

A415 
lN 

WOBBU 
PLATE 

.. 

r-"T'"-vv'V----~-~, )C5 

TEST ~OINT 

+I5V 

! ~~~Z~~: POT 

----+ '---..., 
10K 

-15V 

,---___ ...::.... __ -J SELECT 
SWITCH Il./nll ftl 

~oon 

t _____ --i! 

~--------------~v r----------------~ 

-'UT 
+2.QY 

' . ... 

() d. * This modifia:] version of the ori9)nal Waters diagram is reproduced with 

permission. 
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possible. A calibration curve can then be constructed (tgure 4.2) by 

plotting the voltage applied to the comparator (or the values on the 

variable resistor dial) ve.Mu6 the flow rate. 'ttlis curve is linear with 

an intercept of 12 mL/min which represents the minimun vol tage difference 

that the camparator can detect. 

Figure 4.2:A Plot of the Measured Vol tage Across the Flow Rate Swi tch 

500 

1 

300 

'Voltage (mV) 

100 

20 

the Observed Flow Rate 

60 10 
Flow Rate (mL / min) 

A comparlson of the efficacy of the modi fied H.P.L.C. and flash 

chranatography was carried out by separating a 1:1 mixture of methyl am 

propyl 'p":'hyàroxybenzoates. An overs,:i.zed col t;JIDI1 (2.5, cm internaI diameter, 

packed wi th 15 cm of si l ica gel (vertical col urnn height)) was used for the 
" 

flashchromatography ta allaw a better separation .. Table 4.1 shows the • 

quantities of materials submitted to the column as a mixture and isolated 

" as pure compounds after chromatography. The puri ty was ascertained by 

bath T.L.C. and IH-N.M.R.. It can be clearly seen that the H.P.L.C. gave 
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a remarkably eofficient separation, especially in consideration of the 

small structural di fference between the two compounds*.' .:Itle separation 

with flash chramatography was not nearly 50 successful. 

'C 

'~ 

Several advantages exist in the use of the Waters H"P.L.C.. One can >: 

selecti vely "s have" purified-material from the column and recycle the 

remaining mixed materlals. It is also possible to use more sensitive or 

selective detectors such as the ultraviolet detector. One disadvantage~ 

however" is the difficul ty in choosing a sol vent system. For flash 

chromatography, one simply chooses the soI vent system for which the 

intermediate position between the two compounds to be separated, 

corresponds to a "mobil ity" on T.L.C. of Rf=0.33. The mobi 1 i ty on T.L.C. 

which corresponds to a good H.P.L.C. separation is Rf =0.07. As it is 
u , 

difficul t to accurately measure such low Rf's; choosing an appropriate 

sol vent system invoi ves much trial and error. 

In concl usion, i t can be said that the modified H.P.L.C. is extranely 

efficient for difficul~ separations. It w~ll separate cornpounds whose Rf 

differs by 0.05 or more. This simple and inexpensi ve modification also 

fills the gap between the analytical and "preparat'ive" liquid 

chramatographs by allowing impro.ved separation capability in th~ 50-500 mg , 
1 

sample range. It is ~ot appropriate, however, for routine separations in 

1: ight of the difficul ty in choosing the sol vent systan. 

* fi.,. Al though the H.P.L.C. permi ts recycl ing, that is" passfng the mixture 

through the col umn more than one time via internal tubing, this was not 1 

uti l ized 50 that a fati ~ comparison between the techniques could be made. 
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Table 4.1: A Compari son of. the Separ a ti on Capabi 1 i ties of Fi ash 

'Oll;:anatography' am the ModifiéÙ WatEJrs ~ep ~ HoP.L.C. 

Technique Pr°Eïl Pr°El:l '* Methll Methll 

est~r (mg) 
\ 

, * Recover:y , Recoverl 

% 
ester ~ ester (mg) % ester (mg) 

,on col off COll1TlO on column Off\COlumn 
, . 

'(Eluent) 

66.5 ',66.0 99 66.5 
\ 

64\0 '96 , 
, 

(9:1 hexanes-

ethy1 acetate) 
" -" 
Flash 74.0 45.0 61 75.0 20.1 26 

" 

(4 Ü hexanes-

ethyl acetate) 

'* The mixture of the two compounds lwas placed on the Folumn in a small 

quanti ty of the el uent sol ution. The separation proce:3ure followed was 

that of Stil 179 and ,waters333 , :res~ti vely. wi th the H.P.L.C., however, 

the suggested packing and f10w rates, w,ere modified. The fractions were 

spotted on T.L.C. (Kieselgel 60 F254 al uminum-backed plates from E. 

Merck), eluted in the solvent system used for the preparative ,separation 
, 

and developed in a sulfuric acid-based developer. Fractions oontaining a 

single compound on thë basis of the T.L.C. were combined, the solvent 

removed under reduced pressure and an 1H- N•M•R• spectrum taken of the 

residue. The spectra in aIl cases confirmed the presence of a single 

product, either the rnethyl or propyl -hyd~oxybenzoate. 
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Appenai'" 2:Nuclear Magnetic Resonance Spestroscopy Using ~ INEPT* Pulse 

Sequence 

Nuclear Magnetic Resonance has bec orne the single rnost important 

"technique for the identification of organic molecules. To a certain 

extent, this is due to the very high sensitivity, short relaxation times, 

and large natural abundance of protons which are-observed in the magnetic 

resonance experiment. However, the attainment of canparable chemic:al 

information frem carbon, nitrogen, am silicon nuclei, bas been limite::! by 
Q 

"lowabundance, long relaxation tbnes, low sensitivity, and in the cas~ of 

sil ieon -aD:! ni trogen, bas al50 been harnpered by a negati ve gyranagnetic 

ratio. The latter three'problems c~n be circumvented by the use of a 

technique termed "insensitive ,nuciei enhance::1 by polarization transfer" 'or 

This method makes use' of a mui ti-pulse sequence whereby the nuclear 

spin polarization of protons (large Boltzmanpopulation difference and 

short relaxation tirnes) i5 tran5ferred to the in5ensitive nuclei (1)** to 

which tbey are coupled (I=13C336 , ISN337, 29Si338). It has not only been 

applied to spectral enhancement but in add~~~on, to spectral~simpli-

\ 

* This treabnent of the INEPT pulse sequence i5 in no way intended ~ he 

a mathematically rigourous, but rather a sirnplified "hand-waving" 

explanation which, it is hoped, will allow an urrlerstaroing of am outline 

the utility of the lNEPT t;ulse sequence. For a mathenatical tre~tment the 

reader is referred to the references 334-344. 
\ 

** l refers to insensitiv~~nuclei, H to a proton. 
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fication339,340 am two-dimensional. IH_N.M.R.341 • 

The mul ti-pulse sequence can be mèdified to gi ve coupled or decoupled· 

spectra.: Representations of the .two Pllse sequences are given below. 
Q 

CouPled 

1r/2(x) 

______ H , .. .....---..1 1 

71'(x) 1r12(y) 

~I J t 
" 

71'/2 (x) 

____ l ~I r ~. .,-

Decoupled 

_H __ " ---', ~i ... ) _' '_ ... 1 

~ (x) ~ . 7r12(y) &1' , OecouPie 

" 1 :~I~ t 
Y203 , , 

7I'(xl, 71'/2 (y) 

~,. -----'1- 1 " '-~ , 
'ltne H 1T /2(x) ~efers to a pulse along the )C-axis of appropriate length in 

-~icrOse90?ds t~ rotate the. H magnetization 'vëctor f~om i ts orig~nal 

po~i.ti~n paraI leI to' th~ z:"ax:is cnto the x-y plane. . D.~. and ~ represent 

delay peripds in ~illiseéoOOS durin;; which the magnetization véctors are 

allowed to precess. ''!he urxierstanding of the pulse s~énœ is simplified 0 

" ' 

if' one realizes that -thE!, H 71' (xl and ~ 1J'{x) arè simply , refocusing PuIses342 

, . 
pla~ at the midpoint of a free prec~ssion (D2 ,or 03) ,in ord~r to observe 

" 
" 
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on~Y the pl:ecession due to &-I coupling. 

. Bendall, Peg9, and Dodd:r.ell 343 ,344'have shown that the results of 

these pul se sequences can be analyzed using the Heisenberg- vector 
" 

approach. Utilizing a doubly rotating frame of reference, the 

polarizatioIl'of l and H in an IH system can be followed simul taneously 

(Scheme 4.1). HA and Ha represent the n~ proton magneti zation vector, 
l , 

'. 
that is, th~excess polarization aligned along' the +z-axis, lA and lB 

refer to the l atoms, hal f ,in the +z and hal f in the -z direction, which 
, ,) 

,~re coupled ~o HA and Hs respecti velYe The net 1~iti~1 magnetization of l 

will be ignored for the purpose of this discussion. 
f , . 

.,-' The initial state of the s~tem, in the presence of magnétic field is 

represented in Schane 4.la! An H 11' /2(x) pulse rotates the H magnetization 

vector ante the y-axis (Séhene 4.Th) where HA and Ha begin to precess due 

to coupling to lA arrl IBo After a delay of period 1/2D3::1/(4JH1)' HA and' 
~" 

HB have di verged 900 (Scheme' 4.1c). A"t this point, the H 11' (x) and (1 11' (x) 

refOèusing pulses' are anployed' (Scheme 4.1d). The 1800 Ii 'fU1sf7 refocus~ 

àll H precessions !'Jhile the 18Qo l pulse serves to reverse the directions 
Il 

,of lA and lB a110wing the maintenance of coup 1 ing information. After an 

addi tional time ,delay , of 1/203' HA and HB are al igned in opposite 
, 

directions along the x-axis (Scheme 4.1e). An H TI /2(y) 'pulse then 

rotates the H rnagnetization back onto the z-axis. A simultaneous l 1T /2(x) 
<! 

pulse al igns lA and lB wi th the +yand -y axes (Scheme 4.lf). lA and lB 
", .. 

then :represent the enhanca:l l magnetization coupled ta H. Acquisition am \" 

manipulation of data at this 'point, gives a doublet with relative , " 

intensities +1 am -1, while decoupling gives '00 net siqn~l.-- _ 
,/ 

. o. 

", 

o 
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In ~~tins of I~ wheX'e 0>.1, the situation is" sanewhat rore canplex. 

Ç7 il'" J <;) 

If nCll for example, th~ nuclei rA and I B réceive polarization from the 

s)1xplus of protons in the It state over those in the U state. That i5, 

the coupling of lA with the excess of If over Il protons, leads to a net -

l Si9ngl, while the coupling of lB with the excess of /1 over li protons 
- ' 

leaèls to· a net +l . .signal. There i5, however, no net proton mag{l.gâ~tion 
~"'. - . ~ 

for l nue lei coupled to protons in Gpposi te eigenstates ( Il). Thus, tBe 

,expected triplet in the coupled lNEl?T speckrum of an IH2 systan bas three 

lines ;ofJ"telati,ve intensity, +1:0:-1. Such zero intensity centre Unes 

are"fo\lnd in all cases where n i5 e~en and allows the easy distinction 

between even and odd mui ti 1 ine patterns • 

. When n=3, the coupled 1$PT spectrum displays the expected quartet, 

but wi th different relative lntensfties than the correspoming normal fi-

couplÊ:d spectrum. As previously stated, the l nuclei recei ve polarization 

from the excess of protons aligned with the magnetié field over those 
[ 

opposed te the field. In this case, two such proton cond~~ions exist, 

IH ve,w CUI 111, and III veM LL4 lU. The first pair can be formed by 

three dlfferent combinations of spins whlle the second pair bas only one 

form: ThlS provides the usual 1:3:3:) pattern. However, the latter pair 

has three times'as great an energy ap as the first, and ~refore, a 

three-fold greater Boltzrnan pop~~ difference. When these two effects 

are combined, the result/ls a 1:1:-1:-1 spectrurn. The relative 

intensities .of an Il\, r can therefore be calculat~ by mul tiplying 

the~jllnomlal eXpanslon observed for a nonnal H-coupled spectrurn, by n, n-

2, n-4 .. o. ... 2,0,-2, ••••• 4-n, 2-n, -n for n=even, and n, n-2, n.,.. 

4 •••••• 3,1,-1,-3, •••• 4-n, 2-n, -n' for n=odd. it can be seen that INEPT ,..' 
'" 

enhances the weak outer 1 ines (E==n y HI Y 1) by more than the center 1 i oes 
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(E: YH!Y '1) and allows observation of more 1ines in a mu1~iple pattern. 

AAecoupled spectrum may he obtained by performing the proceeding' 

multi-pulse sequence and then allowing an additional time delay of D2 (the 

'. ,coupleèl ard decoupleèl spectra of tetramethylsilane am chlorotrimethy1-

si lane are shown on the following page, Fig. 4.3). In the case of n=1, 

this a1lows the two hal ves of the doublet (Scheme 4'1f) ta come Into phase 

(Scheme 4.1g). A refocusing pulse may be applied,~alfway through this 
/ 

de~ay period dépend'ing on the particular pulse sequence 'being empIoyed. 1 

The va lues of the optimum deI ay tiInes for, each val ue of n, can be 

ca1cu) ated (Table 4.2). The eguat l on expr·ess i ng the theoret ica l 

enl1ancement Ed , of the decoupled spectrum, has been deri ved by Doddrell 338 

(Egn. 4.1, where D3:::030pt). 

Ed=n( YH/ YI)sin(1T J(D2)-COSn-I(TI J(02) 

In addition, Ernst has shown that Eâ is dependent' on the initial deI ay 

perio:roL 03 (Egn. 4.2). 

Ed 0: sin(2 TT J(1/2D3» Eqn. 4.2 
/ 

Combining t~eseltwo eguations expressions gives 9n expression for the 

'theoret i ca 1 enhancernènt (Eqn~ 4.3). 

Eqn. 4.3 

,r . 
It can be seen that the enhancement depends on four variables; I, n, 

-1/2D3 and D2' 1 is' the magnetogyric ratio of the nucleus. 1 and 
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FIgure 4.3 ~ 

l . 29 { ' INEPT __ Si-N.M.R. Spectra of Tetrarnethylsi1ane and Chlorotriméthy1silane 

Coupled 

(. ( Me 3) 4 5 i , 

(Me3)3SiCl, 

Decoupled 

\ 

1 

ID - 10 

ppm 

n=12, 13 lines, centre line 1S nùll, 6 = 0.00 pprn. 
n = 9 , 10 li n es , cS 1; 31. 6 pprn. 

n c 12, 

\ 

.. . 

cS = 0.00 pprn. 

eS c 31.6 ppm. 
.... ..r 

1 1 1 (0 1 1 
-èD 
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contr ibutes ta the enhancement Ed, ~y the val ue of the Y H/ y l ratio. 

1 

This ratio varies from 4.0 for 13e, ta 9.9 for l5N and ta 5.0 for 29Si. 

This factor represents the ratio of the lH population di fference, (which 

becanes t~ new l population dlfference lmnediately fOl1owing the lNEPT 

J 

pulse sequence) ta the natural l population difference. 
-Î 

" 
'fable 4.2:Optimum Val ues of !kl and !2..2 ~ ~ Function ~ Coupled Protons J& 

n 1 2 3 6 9 12 18 

% * 5.04 5.04 5.82 7.83 9.44 10.82 13.15 

** D2' opt 0.5 0.25 0.196 0.134 0.108 0.093 0.076 

* Ed for 2951, where YH/Y Sl = 5.04. 

** In'units of .rl . 338 

l ' 

The variable n is the nl1ll1ber of protons to which l is coupled. While 

the enhancement is related directly ta the number of protons, the 
\ f 

relationship 15 not additive as cao be 5een by the presence of the 'cosn- 1 

term which reduces Ecl ln the expression whidJ relates n and ,Ecl (Eqn. 4.4). 

1 

0:: n1/2 (1-1/n) (n-l)/2 Eqn. 4.4 

\ r 
The only two parameters whicl) can be manipu]ated, therefore, while 

'taklng a spectr~ are the two delay times, 02 and 03' The optimum value 

of 1/2D3, which gi ves a 90° di vergence between HA and HE and correspooos 

to a rnaxirnizat10n of the enhancemeot i5 l/2D3::::1/(4J). From Egn. 4.2, the 

following relati~:mship of % to 1/203 was obtained (Fig. 4.4). 

l \ 
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Fi2ure 4.4:Plot Of The ca lculated Enhancenent J!lL LI eJL.6 u..6 The Delay ~ 
[ 

(1/2O:v 
+1 

( 

~2D3 

I~J 3t4j 

r' -'. 

The sinusoidal relationship makes Et3 insensi ti ve te mlOor variatlOns ,in 

03' anèl furtherrnore, allows a11 systems wi th slmilar coUpllOg constants , 

(J:t25%) to be enhanced sig01 flcantl y (85% Ed) from a properl y chosen D3' 

M.oreover, lf D3 lS'chosen JUdlCiously, detailed InformatIon about the 

'varipus IHn coupllng constants in <:'- spectrun can be fouro. For examp1e, 1 
\. 

if the value of 1/203"'1/(4X), the sequence willl gj ve full enhancem~nt of a .. 

nuclei whe~e JHI=X, 71% when J H1=X/2, but zero enhancement345 when JHI=2X. 

This rneans that is 1/2013 1S set f~r J=lO Hz, lt will give a 71% 

t.,1 . 
enhancement of a system where J=5 Hz, but if it 15 set for J=5 Hz, it give 

1 

a 0% enhancemet'lt where J=lO Hz. 

The last parameter D2 1S important only in the case of decoûpled 

spectra. Its optimum value (Table 4.2) 1S d~pendent both on n and the 

value of J (Egn. 4.5). 

-;;', 

D20pt = TIJ} -l(arcsin (n-1/ 2» Eqn. 4.5 
, 

\ 
Fig- 4.5 shows the relationship of D2 to Ea aM to n. It cap be seen that 
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~ n is inc~eased D20pt becomes smaller and Ed becames m~ sensitive to 

v)riations in 02. If a large~ value for D2 is üs.lJd, the enhancements of 
~' J. 
nue lei coupled to an even number of p,tot9ns become negatl ve. ThlS has 

been used 339 ,340 to differentiate CH, CH2r and CH3 groups in the 13C-

N.M.R •• 

There are' sorne l iml tations to the use of this method. First, 

reasonably 'cork values of 02 arrl 03 must be selecte:'.! to obtam a good 
'" 
spectrlJ1l fram a given I-H interaction. Second, the spin-spi'n relaxation 

') time, T2' must he long ~elative ta the length of the pulse sequence 50 

that there are still observable signaIs wlien acquisition is begun. 'Ihird, 

whi le land H can be separated by any number of bon~~0- the re_sul tant 

coupl iog JH-I must be resol vable on the instrument USE Problems in any 

of these aréas wi Il cause the observèd enhancement to be less than the 

theoretical value. 

Outweighing these disadvantages, however, are the advantages over 
. ; 

standard heteronuclear rnethods. The~ are; f~ster pul se repeti tion rate, 

decrease in the Ume required to take a spectrum, Signjl .. enhanceme~t( 
enhancement of outer lines in multi-line patterns, clear distlnction 

between even and odd line patterns, and ellmination of signals from 

sol vent or uneoupled l nuelei. Morestver, the detalled knowledge of either 

the proton or insensi ti ve nucl el spectra is not required.. Furtherrnore, 
, ....--

the vanable parameters (D2 and 03) a;re easily predlcted and are quite 

insensitive to the differences between systems. 

. ~,;. 
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Figure ~ ll2! Showing ~ Relationshie of .22 !2!d for 29Si and_ ~ 

Depeooence of That Relationshie ~ :!! 
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EXPERIMENTAL SEX:TION 
\ ' 

1. AlI so1vents were distilled after drying by re1uxing with the 

2. 

3. 

4. 

5. 

6. 

7. 

., 
irrlicated drymg agent. 

a) benzene, hexanes, tetrahydrofuran, (sodium-benzophenone ketyl) • 

b) methylene chloride, acetonitrile (P20S)' 
\ 

c) methanol (magnesium). 

d) triethylami,ne, di- i..6 o-propylamine (caH2). 
/ 

Infra-red spectra were recorded on a Perkin-Elmer Model 257 

spectrophotcmeter with palystyr~ne callbration. 
y 

Proton Magnetic Resonace spectral were recorded o~ a Varian T60, T60A 

or XL-2DO spectraneter. Tetramethylsilane was used as either an 

internaI or external reference • . 
Carbon-13 Magnetic Resonance spectra were recorded on a Bruker WH-90 

spectrameter with deuterochlorofonn as internaI reference. 

Sllicon-29 Magnetic Resonance spectra were recorded on a vanfn XL-

200 spectrometer wi th tetramethylsilane as internaI r~fe~ence. 

Mass spectra were recorded on a Dupont 492B spectrometer uslng )j 
direct insertion probe with an ionization "otential of 70 ev. 

Mel ting points were measured on a ,Galienkamp mel ting point appara tus 

and are uncorrected. Boiling palOts are also uncorrected. 

8. Gas Liquid Chromotogtaphlc separations were petformed wi th' a Hewlett-
4 

Packard 5730A Gas Chranatograph USlng either flarne ionlzatlon of 

thermal conducti v i ty detectors. 

9. Column chrornatography was performed on sillca gel (40-60 microns, 

flash 79, TLC grade, mesh80) obtained frou E. Merck. 

~reparative High Pressure Liquid Chromatography was perfoDned on 
"'.~ 

a Waters Prep SOOA Liquld Chromatograph using sillca gel (40-60 

microns, E. Merck see ApperrllX '2) 
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ACETALS , 

l"l-Dimethoxyacetophenone' (~) 

i Freshly distilled phenyl glyoxal (~) (1.12 g, 8.35 mmol) W'as dis-

, sol ved 'in absolute rnethanol (3.5 mL) containing dry trimethylorthoforrnate 

(3.0 mL) and, 0.056 9 of NH4Cl, at dOc under a ni trogen atmosphere. It was 

left to wann up to roan temperature over 4 h aoo stirred for a further 28 

h. 

The sol ution was cooled ta OOC anc~ 25rnL of 0.2 N NH40H was added. 

The sol ution was extracted wi th ether (2 x 50 mL) aoo washed wi th bri ne (3 " 

x 25 mL). The combine,d ether ej{tracts were drled over anhydrous MgS04, 

fi l tered, am the ether removed under reduced pressure. The residue was 

pumped at high vacuum for 4 h at 40°C ta gi ve 1.03 9 of a crude mixture of 

the ti tle c9mpound, the trimethylorthoformate and the starting m~terial. 

Further pumpinq, at high yacuum for 4 h at 40°C l~? to essentiall y pure 

ti tle compound (0.722 g) in 48% yield. For spectral data see the 
! 

following experiment. 

Method A 

"l,l-Dimethoxyacetophenone (.§) 

To a solution of fr~shly distilled phenyl glyoxal (~) (8.26 g, 62.0 

rmnol) in absol ute methanol (75 mL.), under a ni trogèn atmosphere,' was 

added chlorotrimethylsilane (18.00 mL., 143.0 rrmol). The yellow colour of 

the starting material imnediately disappeared: The reaction was stirred 

overnight at raon temperature. 

The sa! vents were rernoved under reduced pressure and the residue was 

Jisti lIed (b.p. 8g0C/0.6 torr, li t.312 aS-6oC/D.25 torr) ua gi ve 8.35 9 

of the pure ti tle compound. Atr:~addi tianal 0.74 9 was present in the 

stillpot/(as determined by IH-N.M.R.) to give a total of 9.09 9 in 83%' 

yield. 

Under forcing conditions (reflux, excess TMSCl), IH-N.M.R. analysis 
" 

indicated the presénce of a small amount «20%)~ of the ketal-acetal 

(C6HSC(OCH3) 2CH(OCH3) 2)' This product remained el usi ve and was never 
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successfully isolated. The spectral data f~r canpourXi .§. is as fo11ows; 

r.R. (neat) : v= 1692, 1601, 1581, 1451 cm-1• 

IH-N.M.R: (CDCl3) : ô =3.48 (s, 6H, HC(OCH3) 2)' 5.23 (s, 1H, 9:!(OCH3) 2);' 

7.2-7.6, 8.0-8.2 ppm {m, SHarom}. 

(Ketal-aceta1 

la-N.M.R.(CDC13):6 =3.48 (s, 6H, HC(OCH3)2)' 

3.54 (s, 6H, C6HSC(OCH3)2) , 5.10 (s, LH, ~(OCH3)zr; 
" 7.2-7.7 wn (m, SHarom>.] 

Cl, Cl-Dimethoxy-p -rnethylaeetophenone (~). 

p-Methylphenylg1yoxal (l') (1.21 g,. 8.2 mmol) was dissolved in ~ry 

methanol (25 mL) under an argon atrnosphere. Ch1orotrirnethyl si lane (2.3 

mL, 18.1 rrmol) was added and the solution stirred overnight. 

The sol vent was ranoved under reduced pressure and the residue was 

'purified by flash ehromatography (4:1 hexanes-ethyl aeetate, v/v) -whieh 

gave, after evaporation,.1.55 9 of the ti tle compound in 98% yield. The 

spectral data are; 

I.R.(neat):v =1688,1562,1445,1116, 1061 cm-1• 

1H- N•M•R• (CDCl 3) : ô =2.39 (s, 3H, CH3C6H4)' 3.47 (s, 6H, HC(OCH3) 2) 1 

5.18 (s, IH, HC(OCH3}2)' 7.65; 8.03 (ABq, 4Harom' J an=8.4 Hz). 
• + + + M.S. :m/~=180 (2%, M -012)' 163 (2%,M -(CH3)' 135 (8%, M -Coa:H3) 

121 (29%, 13S+-CH2), 119 (25%, ~-CH(OCH3)2)' 

91 (27%, ~-COCH(oeH3)2)' 75 (100%, CH(OCH3)2+)' 

~thyl 2,2-dimethoxyphenylaeetate (10) 

c. Benzoyl formie acid (1.50 g, 10.0 nuno1) was dissol ved in absol ute 

• /lIethano1 (50 muol) under a nttrogen atmosphere. Chlorotrirnethyl si 1 ane 

(5.6 mL, '44.2 muo1) was added am the reaetion stirred at room tanperature 

overnight. 

The sol vents were removed -Ln. va.c.uo to gi ve 1.80 9 of a erude 

residue. A quanti ty of 0.149 9 of this residue was submi tted ta flash 

ehromatography (9:1 hexanes-ethyl acetate, v/v, ·two elutions). The title 
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compound (0.096 g, 55% yield) and methyl benzoy1 formate (~) (0.051 g, 37% 

yie1d) were isolated. Increasing the reaetion ternperature, quantity of 

eh1orotrirnethylsi1ane, or reaetion tirne, did not substant-ially al ter the 

produet distribution. Accounting for the recovered rnethyl ben~yj:fo~e~ >" 
which could he recyeled, the yield was 93%. . \ 

A,mixture of the erude methy1 benzoy1forrnate and methy1 2,2-

dimethoxyphenylaeetate (40:60) was dissoi ved in dry methanoi under an 

argon atmosphere, and then ch1orotrimethylsilane was added. After a work­

up as deseribed above; IH-N.M.R. analysis indieated a 1:5 equilibrilnn 

< mixture of the two canpouoos (ester:aeeta1-ester). Thus, higher isolated 

yields are possible when starting wi th the ester rather than the acid. 

Spectral data for the compouro are; 

I.R. (CCl4):'J =1740,1451,1432,1258, 1238, 1192, 1112, 1078 cm-l. 
l ' . 
H-N.M.R. (CC14) : ô =3.08 (s, 6H, C(OCH3) 2)' 3.50 (s, 3H, COOCH3)' 

7.1-7.5 PJ;XIl (m, SHarom)· 

cale. 

found 

Methy1 2,2-dirnethoxypropionate' (11) 

C 62.84 H 6.71 

62.95 6.81 

Methyl pyruvate (0.51 g, 5.0 muoI) was dissol ved in d:ry methanol (25 

mL) under a nitrogen atrnosphere. Chlorotrimethylsilane (1.4 mL, 11.0 

mn01) was added and the reaction stirred overnight at roan temperature. 

- \ The reaction was neutral ized wi th a 5% sol ution of sodiun methoxide 

• 

in methan01 to pH 6 (wet alk-aeid paper). Most of the methanol waS 

ranoved -<-YI. Va.C.I.LO am ether was added to the residue. After filtration 

through si 1 ica gel and the evaporation of sol vents, 0.72 9 of the erude 

produé'f was iso 1 ated. A quantity qf 0.093 9 of the residue Jas sul:mi tted .. ~ , 
to flash ehrornatography (9:1 hexanes-ethyl aeetate, v/v) and gave after 

evaporation 0.086 9 of the ti tle eanpoum in 92% yield. 

Alternatively, pyruvie aeid (0.44 g, 5.0 !Tanol) was dissolved in 

absolute methanol (25 mL) under a ni trogen a tmosphere. ,Ch1orotrirnethyl-
,. f 

silane was added (2.8 mL, 22.0 nmol) and the reaetion stirred overnight. 

The reaetion was neutralized to pH 6 (wet alk-aeid paper) wi th a 5% 

solution of sodium methoxide in met~nol. Most of the methanol was 

175 



. . 

\ 

l ' 

! 

j'. j 

, • f ' • • 1 f 

removed 'i.n va.c.uo arXi ether: added. After filtration through sfrrca-g~, ' 
ard,'evaporation of the solvents, 0.67 9 'of the (itle compound, pur~ by \ 

G.L.c:=., was iso1ated' in 90% yie1d. \\ 

The reacti,on may also be ~orked up by que~ching with a ~% aqueous 

SOdi~ bicarbonate solution am multiple extractions with ether (8 x 50 

mL). 'me ether was washed ~ith water until the volume remained constant 

(3 x 10 mL). The combined ether ex tracts were dried over anhydr6us MgS04' 

fil,tered, and the ether remo\,ed .in \i,(1c.uo. The residue was I;Xlrified as 

above to 9 i ve the product int50% yield. Spectral data for the compound 

" are; 

t.R. (neat) :'v =1748, 1440, 1371, 1293, 1214, 1193, 1043 an-le 

. lH-N.M.R. (C:OCl~) : a =1'.40 (s, 3H, CH3C(OCH3) 2) 1 

3.14 ~, 6H, C(OCH3) 2~' 3.65 ppm (s, 3H, COOCH3). 

G.C. 5% OV-IO! on œRGl10S0RB W lOOoC 

CH3COCOOCH3 RT=O. 70 min. 

CH3C(OCH3)2COOCH3 RT:2.27 min. 

1,1-Dich1oroacetone (l~) 

This compound was prepar~d f0110wing the method of Wyrnan348 • .To 

acétone (29.0 g, 0.50 mol) was added sul fury1 chloride (135.0 g, 1.00 mol) 

under a ni trogen atmosphere, oveu 35 min (at ,a rate which kept the 

tanperature be10w 35°C). The reaction was cooled in ice for the first 5 

. 'min. 

Disti llation of the crude product Led to extensi ve decomposi tion due 

to the presence of excess sulfuryl chloride. rherefore, the sul fury1 

chloride was rernoved at roorn temperatUJ=e umer high vacuLUn and the residue 

was then distil1ed (45°/53 torr, lit.152 117-S0Cj760 torr) to give 22.9 9 

of the pure product in 36% yield. The spectral data for the compouoo are; 

I.R.(neat}:V ~3483, 3024, ~748, 142~ 1362,1209,1154 cm-l • 

. ~ IH-N.M.R. (CCC1 3) : <5 =2.43 (s~ 3H, Œ3CO), 5. 76 ~ (s, IH, CHCI2) • 
} , 

1,1-Dichloro-2,2-dimethoxypropane (l3) 
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',' i,l-Diçhloroacetone (12) (0.64 9, 5.0 rmnoÔ was dissolved in c?ry" , , 

methànol' (25 mL) uooer a ni trogen atmosphere.. Trimethylchlorosi lane (1.4 
.. j , .. 

. mL, 11.0 mYlol) was added an:] the solution stirred overnight. 
, \ 

The solution was neutralized to pH 6 (wet alk-acid pa~er) wlth 'll5% 

solution of sodium rnethoXlde in rnethanol. Ether was added and the 
, 

solution fi l terèd. The sol vents were removed under redu<:;ed pressure •. 

G.L~C. ind icated 90% of the final product in the reaàtion mixture. As .. . , 
sorne sodi um methoxide persl stad in ~he erude residue, e'ther 'was again ç. 

. " 

added and the sol ution fil tered through sillca gel. 'f:< 

After sol vent removal in va.c.ud,· 0.38 9 of the tl tle compouro was 

recovered' in 44% yleld, pure by G.L.C. and lH-N.M:R •• , __ , cc>-e~aporatl'on,of . ~ 

dichloroacetone, the ti tle" compound, and methanol probably accounts for 

the reduced yield. The G;L.C. yle~d .was 71%. The" spectral 
q 

characteristics of the compound arei 

I.R.(neat):v::::138l, 1287, 1243~ 1174,1131, 1051, 80~~ 7B3>cn-l . 

lH-N.M.R. (CDC13).: 0 =1.52".. (5, 3H, CH 3 C(OCH3 ) 2)' 

3.25 (s, 6H, 0i3C(OCH3) 2)' 5.70 ppn (s, IH, CHC1 2). 
<. + 

M.S.:m/z=161, 159, 157, (0.4%, 1.4%,2.0%, M -CH 3), 

145, '143, 141, (5%, 30%, 48%, M::..OCH3)' 89 (52%, MLCHC12) , • 

43 (100%, CH3CO+). 

G.L.C. :6' 5% CARBœAX'20M on CHROMOSORB W, 100°C: 

CHiOCHC12 RT=0.67 min. 

RT=1..57 min. 

'3,3-DlIl1ethoxy-2-butanone (14) 

2,3-Butanedloné (4.30 gr 50.0 romol) was slowly added (15 min) to a-' , 
solution of eh10rotnmethylsi1ane (6.0 mL, 47. mn01) in abs0.rute methano1 ., 

, 
(150 mL) urrler an argcln atJnosphere. e 

17 
Only a faint ye11o,w co1our perslsted 

fran the unreacted sttlrtin:; materia1. , 
A s~tur~~ed agueous sol ution of N~HC03 was added find the mixture 

extracted with CH2Cl2. until na volume change was noted .(6 x 100 mL). ',The 
\, • _ J 

,colour of the combined ex tracts was a deep yellow. To ensure tha-t the-
.r 

reaction was' canp1ete approxirnately half'of this solution·was addeà tq a 
1 • 

1 ~, 
,l' 

, , 
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mixture of absolute methanol (50 mL) am ch1orotrimethylsilane (3.0 mL), 

qnd stirred for 1 h at roan temperature. 'n1ere was no colour change fran 

the dark yellow am the solution was worked up as above. The œ:zC12 was 

distil1ed frcm the ccmbined extracts thl;'ough a Widmer .col Lmtn. 'lbe residue 

was distilla:1 (b.p. saoC/28 torr, lit.3l3 145-6OC/760 torr) to give ?04 9 

of the title compound in 91% yield. Spectral characteristics of the 

canpourrl are; 

1. R. (neat) : \) =1730, 1433, 1369, J:353, 1192, 1127, 1042, 883 an-le 

lH-N.M.R • .p(t(l)Cl3) : 0 =1.38 (s, 3H, CH3C(OCH3) 2)' 

2.21 (s, 3H, CH3CO), 3.22 pprn (S, 6H, CH3C(OCH3) 2)" 

M.S.:m/z=lOl (14%, M+ -OCH3)' 8i._~?2%, M+ -CH3CO), 

73 (11%, 89+-CH4)' 43 (100%, CH3CO+). 

G.L.C.:6' 5% OV-lOl on CHROMOSORB 750, IOOoC: 
t. 

CH3CqcocH~ m'=0.20 min. 

Œ3COC(OCH3) 2013 RT=0.45 min. 

3,3-Diethoxy-2-putanone (15) 

2,3-Butanedione (4.30 g, 50.0 mno1) was dissol ved in absolute ethano1 

(200 mL) under an argon atlnosphere. Ch1orotrimethylsilane (13.0 mL, 102 

mmol) was added and the reaction was stirred for 30 min. At this point, 

most of the yel10w colour of the starting material had disappeared. r 
It proved impossible to separate the ethanol frcxn the product even by 

spinning-baoo distillation. Therefore, the reaction was qu~nched with an 

excess of NaHC03 , (5% aqueous sOlution). The ethanol was remoyed by 

extraction ~i~2Cl2 (7x50 mL) until no volume change in the chlorinated 

layer was ~d. The CH2C1 2 was distilled from the combined extracts 

using a Widmer column and the residue was further disti lIed (b.p. 

70 0 C/23.5 torr, lit.313 l63-SoC/760 torr) to give 4:78 g of the title 

ccmpouoo ln 60% yield. The spectral data for the canpouoo are as follows; 

r.R. (~: v=1729, 1442, 1418, 1388, 1352, 1126, 1048, 953 an-le 

lH-N.M.R. (Q)C13) : ô =1.23 (t, 6H, (OCH2CH3) 2' J=7.0 Hz), 

1.40 (s, 3H, CH3C(OCH2.ÇH3) 2)' 2.24 (s, 3H, CH3CO), 

3.45,3.51 ppm (qABq, OCHaHbOCH3c, J ab=9.0 Hz, J ac=7.0 Hz). 
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M.S.:m/z=1l7 (33%, M+ -CH3ÇO), 115 (19%, M+ -CH3CH2~ , 

89 (14%, 117+ -CH2CH2)' 87 (59%, 115+ -CH2CH2) , 

61 (100%, 89%-cH2CH2)' 43 (84%, CH3CO+). 

G.L.C.:6' 5% OV-IOI on CHROMOSORB 750, 100°C: 

CH3COCOCH3 

CH3COC( OCH2CH3)2CH3 

2~ononanal (16) 

~O.20 min. 

RT=O.80 min. 

, 
Se1eni~ dioxide (15.6 g, 141 mmol) was heated at 800 C in a solution 

of water (2.8 g, 156 mmol) and dioxane (85 mL). Nçnanal was added (20.0 

g, 141 mmol) am the reaction refluxed for 4 h. 

The solution was cooled ta room temperature and filtered through 

Ce li te. After evaporation of the sol vents iYl va.c.uo, the residue was 
< 

again f.i 1 tered through Cel i te and the \Cel i te washed wi th dioxane. The ., :"... 
dioxane was remaved under reduced pressure and the yellow residue was 

disti lIed to give 2.1 9 of starting mater~al and 15.5 g of the ti tle 

compourrl (b.p. 76-90oC/1 torr), in 70% yie1d. Accounting for recovered 

starting material, the yield was 79%. '!he spectral data for the ccropoun:3 

are; 

I.R.(neat): \>=2923, 2856, 1731, l459c., 1378, 1193, ll17, 1071 an-l(trimer). 

lH-N.M.R. (CDCl3): 0=1.87 (t, 3H, CH3f'CH2) 6' J=4.8 Hz), 

1.1-1.9 {m, 10H, CH 3 (~5)' 1.72 (t, 21i, (CH2) SCH2CO, J=6.8 Hz), 

9.23 pçm (s, 1H, CHO). 

l,l-Dimethoxy-?-oxononane (12) 

2-0xononanal (16) (9.2 g, 59.0 rrnnol) 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 

tempe1ature. 

'fhe green-brown reaction mixture was quenched Wl th a 5% sol ution of 

sodium bicarbonate (500 mL). This was extracted wi th ether (2 x 250 mL), 

wathed wi th ~r ine (2 x 50 mL), and the combined extracts dr ied over 

1 
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anhydrous MgS04. The sol vents were~anoved urrler reduca:t pressure arrl the 

residue distilled to gi ve 3.40 9 of a mixture of the starting material am 
the' tit1e canpourrl, (b.p. 86-92oC/1 torr) aoo 6.50 9 of the pure canpouoo_ 

(17) (b.p. 92-l060 C/1 torr). Tbp total yield was 76% (9.56 g, 45.1 mmol). 

The yield after accounting for rkovered starting rnaterial was 79% but the 

isolated yie1d was only 52%. The spectral data for this compound are as 

follows; 

1.R. (neat):v =2920, 2861, 1729, 1471, 1403, 1376, 1349, 1338, 1213, 1191, 

1068, 991, 953, 909 cm-l. 

IH-N.M.R. (CDCl 3):8 =1.87 (t, 3H, (CH2) SCH3' J=5.5 Hz); 

1.1-1.9 (m, 10H, OCCH2(9:!2) SCH3)' 2.55 (t, 2H, OCCH2(CH2) S' 

3.4~ (s, 6H, HC(OCH3) 2)' 4.43 ppm (s, IH, 9!(OCH3>,2). 

M.S.:m!z=127 (9%, Mr-(H(OCH3)2), 75 (100%, CH (OCH3) 2+) • 

camphorquinone (18) 

(2,3-dioxo-I,7,7-trimethyl-[2,2,11-bicyc10heptane) 

J:::6.2 Hz), 
\ 

Selenium dioxide (11.0 g, 99.1 mmol) and water (2 mL, 111 mmol) ~ere . 

heated to reflux in dioxane (60 mL). Camphor (1~.0 g, 98.6 mmol) was 

added am the reaction refluxed (meè:hanical stirring) for 30 h. Several 

colour f:hanges fram yellow, red to dark brown ensued. The sol ution was 

al10wed to cool to room temperature and was filtered through Celite to 

ranove precipitated selenium metal. 

The sol vents 'Nere removed urxler reduced pressure and redissol ved in a 

min:lm\Jt\ of ~thyl acetate, refi 1 tered through Cel i te, and a red precipi tate 

was separated frem a yellow sol ution. '!he yel10w sol ution was evaix>rated 

ta dryness and recrystallized fram ethanol-water. Unfortunately, a mishap 

caused about half of the product to be lost perrnanent1y arx1 only 4.6 9 of 

a yellow crystalline material was isolated. The crystals were sublimed 

under low vacuum and mi Id heating (30 torr, <SOoC) to' gi ve 4.4 9 of the 

product contaminated with camphor. The residue was purified by flash 

chromatography (19: 1 hex~:'ethyl acetate, v Iv) to gi ve 4.1 9 of pure 

camphorquinone in 25% yield as yel10w crystal s (rn.p. 2000C, 1 i t. 346 

1990C). The spectral data for the compound are; 
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.. I.R. (œél. 3):v =2959, 1770, 1245 an-1 • 

IH-N.M.R. (CDCl 3) : Ô =0.92 (s, 3H, CH3
a -c7-CH3b), 

1.05 (s, 3H, CH3a-C7-Cli3b), 1.12 (s, 3H, CH3c-Cll, 

1.2-2.4 (m, 4H, CH2CH2)' 2.62 ppm {m, 1H, HC4CO). 

M.S.:m,Iz=166 (38%, M+), 138 (47%, ~-œ2CH2)' 123 (43%, 13S+-cH3) 1 

110, (22%, ~-coco), 95 (100%, 110+-0h), 

83 (74%, 9S+-cH3' 123~-2 x CH3)' 69 (91%, 9S+-CH2)' 67 (95+-CH2CH2). 

3,3-Dimethoxycamphor (19) 

Pure camphorquinone (.!.ê.) (0.040 g, 0.241 mmol) was dissol ved in dry 

methan01 (15 mL) under an argon. atmosphere. Chlorotrimethylsilane (0.07 

mL, 0.55 mmol) was added and the reaction stirred at room tem~rature 

overnight. The yellow colour of the starting materia1 disappeared within 

10 min. 

The colour less sol ution was extracted wi th hexanes (3 x 50 mL). A - ' 

10% aqueous sex'lil.Ill bicarbonate sol ution (20 mL) was added to the methanol 

layer and this was ful:'ther extracted with hexanes (2 x 50 mL). 'Ibe latter 
, " 

fractions were dried oyer anhydrous Na2S04 and fi 1 tered. The cornbined 

fractions had the sol vents rernQved in va.c.ud to gi ve 0.043 9 of the 

title compound in 84% yie1d. The product, as shown b% IH-N.M.R. wa;; an 

inseparable mixture of th~ 3- and 2-dimethy1 keta1 in a ratio of 83:17. 

If the reaction was simply worked up by extraction with ether or 

methy1ene chloride, fol10wed by washing with aqueous bicarbonate solution,­

only the starting carnphorquinone was isolated. Before work-up, T.L.C. 

analysis of the reaction showed the presence of the camphorquinone ketal 

~ (ln-~arge quanti ty. Extraction wi th hexanes eliminatoo this problem. The 

spectral characteristics of the comFOunds are; 

I.R. (CHe1 3) : \) =1756, 1451, 1371, 1303, 1210, 1131, 1067, 1029 cm-1• 

3-d~thyl ketal (83% relative proportion) 

lH-N.M.R. (CC1 4) : ô =0'.86 (s, 3H, Cl-CH3 c) , • 

0.94 (s, 3H, CH3a-C7-CH3b" 0.95 (s, 3H, CH3a-C7-CH3b), 

1.5-1.8 (m, 4H, CH2CH2)' 2.0-2'.1 (m, 1H, HC4C(OCH 3) 2)' 

3.20 (s, 3H, OCH 3 endo)' 3.30 ppm (s, 3H, OCH3 exo). 
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2-dimethyl ketal (17% relative proportion) 

IH-N.M.R. (CCl4) : ô =0.86 (s, 3H, CI-CH3 c), 

1.03 (s, 3H, .9ha-C7-CH3b,), 1.05 (s, 3H, CH3a-C7-.9i3b), 

1.5-1.8 (m, 4Ht CH2CH2), 2.66 (t, lH, HC4C(OCH3) 2)' 

3.25 (s, 3H, OCH3 endo)' 3.40 --ppm (s, 3H, OCH3 exo). 

M.5.:m/z::-212 (0.6%, M+), 184 (15%, M+ -cH20i2), 

181 (13%, W -ocH3), 153 (~ 184+ -ocH3)' 101 (100%, C4Hs03 +). 

) 

Methods ~ f ~ 0 

2-Phenyl-l,3-dioxolane (20) 

Benzaldehyde (0.53 g, 5.0 rmnol) wps dissolved in a solution of 

ethylene glycol (3 mL) and absolute methanol (25 mL) under a nitrogen 

a1:mPsphere. Ollorotrimethy1silane (1.4 mL, 11.0 mnol) was added arxJ the 

reaction stirred overnight at roam temperature. 

The solution was n~utralized to pH 6 (wet a1k-acid paper) with a 5% 

solution of sodium methoxide in methanol. Most of the methanol was 

removed under reduced pressure and, t~e residue was filtered th~ough 

Cel i te. The remaining volatile canpourxis were removed ùt Va.C.LLO • The 
" 

ethylene glycol sol,ution was subjected ta preparati ve H.P.L.C. (4:1 

hexanes-ethy1 açetate, v Iv) to gi ve 0.46 9 of the ti t1e compound in 64% 

" yield. C 

'" Alternatively, benzaldehyde (0.53 g, 5.00 rrmol) was dissolved in a 

solution of dry ethy1ene glycol (3 mL) and methylene chloride (25 mL) ," 

under a ni trogen atmosphere. Chlorotrimethylsi lane (2.8 mL, 22.0 mmol) 

was added am the reaction stirred at refl ux ov~rnight. The reaction was 
, 1, 

not complete and 50 a further 1.4 mL of TMSCl was added and the reaction 

refluxed for 24 h. , : 

t'he react i on was quenched with a 5% aqueous sa 1 ution of sad i um 

bicarbonate. The solution was then extracted with ether (2 x 75 mL), 

washed with brine (3 x 40 mL), and the combined organic extraats were 

dried over anhydrous )1gS04' The s<?l vents were rernoved .. Ùl. Va.C.LLO , to 

9 i ve 0.60 9 of crude residue. A quanti ty pf 0.158 g of the residue was . 
sul:Initted to flash chran~t~raphy ,(10:1 hexanes-ethyl acetate, vlv, two 

el utions) and"gave, after evaporatian, 0.153 9 of the ti tle compound in 
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T7) yield. . ~ , 

Several other preparations were a~tempted using similar re~ction 

coooitions. These other cor:xHtions; ) 

1) C6HSCHOv-l eq.; HOCH2CH2oH, 10 eq.; (CH3) 3SiCl, 2.2 eq.; 

sol vent, .i.6 0 -propanol. 

2) C6HSCHO, 1 eq.; HOCH2CH2oH, 10 eq.i ?CH3) 3SiCl, 2.2 eq.; 

sol vent, methylene chloride, reflux. 

3) C6ASCHO, 1 eq.i HQCH2CH20H, lS eq.; (CH3) 3SiCl, 4.4 eq.i 

sol vent, methylene chloride, reflux. 

4) C6HSCHO, 1 ~.; HOCH2CH20H, lS eq.; (CH3) 3SiC1, 6.6 eq.; 

sol vent, methylene ch10ride, reflux. , 

S) ctflsCHO, l eq.; (CH3) 3SiCl, 4 eq.i sol vent HOCH2CH20H, 

roam temperature or 100° • .... 
led to incomplete reactions (never greater than 70% by G.L.C.). The 

spectral data are as follows; .:1 

I.R.(neat):v =1456, 1393, 1315, 1222, 1093,1069,1039, 968, 944, 

918 cm-l. 

5.77 (m, lH, CH(OCH2CH20», 7.1-7.6 ppn (m, SHarom). 

G.L.c.:S% ~ 20M on CHROMOSORB Vi, 1500 : 

~H5CHO 

C6HSCH(OCH2CH20) 

RT=O.77 min. 

R'I"=2.27 min. 

2-Methyl-2 .. phenyl-l,3-dioxolane (21) 

Acetophenone (0.60 g, 5.0 nmo1) was dissol ved in ethylene glycol (25 

mL) undèr a ni trogen atmosphere. Trimethylchlorosi 1ane (4.2 mL, 33.0 

mnol) was added and the reaction s.tirred overn'ight at room tanperature. 

The reactibn was quenched wi th a 5% aqueou5 sodium bicarbonate 

solution and extracted wi th ether (2 x 75 mL). The combined ex tracts were 

dried over anh1drous MgS04• After fil tration through Ce lite, ,the ether 

was removed under reduceà pressure. The sol ution was suspendeà in 

methanol and 0.12 9 of pure ti tle compound crystall ized out. The 

remainder was fil tered through si 1 ica gel, wi th hexanes as sol vent, to 
1 

yield after evaporation, 0.52 9 of a crystalline canpourrl pure by G.L.C.. 
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j The total ~~s 0.64 9 (78\). 

Thymixed melting point of the two crystalline m~teria1s was 

identical with the individual melting points (m.p. 6loC, IH:.lS6 610C». 

" The spectral characteristics of the canpoum at:e; 

1 .R. (CCl4) : v =1436, 1367, 1217, 1201, 1190, 1023 an-le 

1H-N~M.R. (CCCl3) : ô =1.66 (s, 3H, CH3)' 3.6-4.2. '(m, 4H, OCH2CH20), 

~, 7.1-7.6 ppm (m, SHarom). 

M.S.:m/z=149 (100%, ~-œ3)' 105 (91%, ~-ocH2CH2œ3) 1 

87 (34%,. M+ -C6HS)' 77 (70%, C6HS +). 

G.~C.:6t.~ 50 -101 on CHROMOSORB 750, lS0OC: 

~H5 3 RT=0.43 min. 

~H5C ( 2<?) ai3 RT=0.6S min. 

j 

Cl -Qùoroacetophenone (22) 

J 

J 

Acetophenone (24.0 g, 0.20 mol) was dissolVed in glacial acetic acid 

(100 mL). Chlorine gas (drieâ by passing through concentrated H2S04) was 

,bubbled through the sol ution. The temperature was 'kept below~OoC by 
t 

cooling with an ice-bath. 

After 1 h, the yellow solution was poured onto 1 kg of iee. A flaky 

white precipitate was isolated by filtration and was air dried. After 

recrysta11ization fran hexanes-ethy1 acetate, 14.03 9 of the crystaUine 

tit1e compound (rn.p. 54-5SoC, li t.346 SS-6oC) was iso1ated in 52% yield • 

The spectral data are; 

I.R. (œl4): v=1692, 1543, 144~, 1280, 1203 en-le 
r1 

I-N•M•R• (CC14): 5==4.52 (s, 2H, CH2Cl), 

7.2-7.5, 7.7-8.0 ppm (m, SHarom). 

M.S.:m/z~156, 154 (1%, 2.5%, M+), 120 (20%, C6HSOCH3 +), 
'ft 

105 (100%, C6HSCO+), 77 (77%, C6H5~). 

2-Chloramethyl-2-phenyl-l,3-dioxolane(23) ~ 
, ' 

.. 

a.-Chlotoacetophenone (22)(0.83 gr ,5.4 mtnol) was dissolved in dry 

ethylene glycol (25 mL) nder a ni trogen atmosphere. Trirnethylchloro-
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si 1ane (2.8 mL, 22.1 tml(1) was adde:i am the reaction stirred overnight at 

room temperature. ri . 
The reaction was quenChed~with ~ 5% aqueous sodium bicarbonate 

solution arx1 extracted with ethe~i (2,x 75 mL). A.fte~ drying the combined 

ex tracts over anhydrous MgSo4 aJ filtration through Celite, the' ether 

was removed .in va.c.uo to yield 1.08 9 of a ;:::rude precipi tate. The 

compound was recrysta1lized from methanol to give 0.29 9 of the pure 

crystal li ne materia1 (m.p. 90°C) and 0.79 9 of a crystalline material 

shown to be 98% ·pure by G.L.C.. The yield of the combined crystall ine 

materia1s was 99%. The spectral aharacteristics of the canpound are; 

I.R.(nujol mull):\i =1446, 1375, 1222, 1180, 1171, 1017 an-le 

lH-N.M.R. (a::çl3) : ô =3.75 (s, 2H, CH2Cl), 3.6-4.4 (m, 4H, OCH2CH20), 

7.2-7.7 ppm (m, 5 Harom) • ... 
M.s.:mjz=l49 (lQO%, ~ -ai2Cl), 105 (81%, <;;H5CO+), 77 (58%, ~H5~. 

G.L.C.:6' 5% OV-IOI on OiROMOSORB 750, 1500 : 

C6H5C(OCH2CH20)CH~1 RT=5.22 min. 

2-Dichloranethyl-2-phenyl-1,3~ioxolane (25) 
-, 

To Z Ct. -dichloroacetophenone (24) (0.95 g, 5.0 mno1) dissol ved' in dry 

ethylene glycol (25 mL) Under a ni trogen atmosphere, was added chloro­

trimethylsilane (1.4 mL, 11.0 mnol). '!he reaction was stirred overnight 

at roan temperature. 

The react i on was quenched wi th a 5% aqueous sad i um bi càrbona te 

sol ution and extracted wi th ether (2 x 75 mL). The ether ex tracts were 

dried over anhydrous MgS04 , and the combined ex tracts had the ether 

removed wx1er redueed pressure to give, after fil tration, a crystailine 

product (1.32 g). A quanti ty of 0.130 9 of the erude materiai was, 

submitted to flash chromatography (9:1 hexanes-ethyl acetate, v/v) to 

give 0.116 9 of the pure dioxolane in essentia,lly quantit~ve yield (m.p. ) 

58.5-590 C, li t.1S8 59-61°C). The spectral data for the canpouoo are; 

I.R.(nujol mu1!}:\! =1301, 1210, 1141, 1021 an-le ~ 

1H- N•M•R• (CDCI 3) : ô =3.9-4.6 (m, 4H, OCH2CH20), 5.8 (s, IH, CHC1 2), 

7.2-7.9 ppm (m, 5Harorn). 
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~.s.:m/P149 (100%, M+-ac12)' 105 (78%, ~H5CO+), 77 (53%, ~H5~' 
G.L.C. :6' 5% OV-lOl on CHROMOSORB W, ISOoC: 

CGHsCC!lOO 2 

C6HSC (OCH2Œ:20) 0iCl2 

Dioxaspil::o- (4,5) -decane (26) 

RT:a 1.40 min. 

RT=3.57 min. 

Cyclohexanone (0.52 g, 5.3 mmol) was dissolved in ~ 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 tanperature. 

The~mixture was n~utralized ta pH' 6 (wet a1k-acid paper) using a 5% ( 

sol ution of sodiun methoxide in methano1 a~ the sol vent were rentove::!. in 

va.c.u.o. The res~due was dissolved in ~her, fil tered through coarse 

si 1 ica gel (5 g), and the si! ica gel washed wi th ether (2 x 10 m~). The 

ether was then removed)under reduced pressure. The crude product was . , ~ . 
sutmitted to flash chromatogtaphy (10:1 hexanes-ethyl acetate, v!v) to 

gi ve 0.6? g of the ti tle compourrl as a colourless oil in 83% yield. 

__ ", Alternative1y, cyclohexanone (0.57 g, 5.2 nmol) was disso1ved in dry, 
/ . 
ethylene glycol (25 mL) under a ni trogen atmosphere. Trimethylch10ro-

suanl (1.4 mL, Il.0 mmol) was added and the reaction stirred at ro~ 
temper ture overnigl1t. -~ 

c 
The reaction ,was quenched by the addition of a 10% aqueous sodium 

carbonate sol ution. This mixture was extracted wi th ether (2 x 50 mL) am 
the combined extracts 'Nere dried over arthydrous MgS04. After fi 1 tration, 

the ether was removed un~er reduced pressure. Purification by flash 

chranatography (10:1 hexanes:.-ethyl acetate, v/v) led te the title canpoutp -----(0.35) in 48% yield. The G.L.C. yie1d of the reaction was 95%. The 

spectral data of the compourn arei 

r. R. (neat) : v =2943, 2864, 1~47, 1366, 1135, 1284, 1164, 1102, 

1036 an-le 

IH-N.M.R. (CDCl3) : ô :s1.58 (bs, lOH, - (0i2) 5-)' . 

3.90 ppm (s, 4H, OCH2CH20). 

M.S. :mjz=142 (3%, W"), 113 (6%, ~ -cH2œ3)' 99 (74%, 'M~H7) , 

86 (23%, ~-C4H8)' 55 (43%, C4H7+)' 43 (100%, C3H7+)' 

~ 
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G.L.C.:6' 5% ~ 20M on CHROMOSO~ W, 1S0oC: 

-Œ(0i2)5-

~(~20i20) (CH2) 5-

2-n -octyl-l,3-<lioxolane (27) 

RT=0.S3 min. 

R'I'=t1.03 min. 

Nonanal (0.71 g, 5.0 rrmol) was suspended ~ vigourous s;irring in 

,dry methanol (25 mL) and dry ethylene~ycol (3 ml) under a nitrogen 

atrnosphere. Trimethylchlorosilane (1.4 mL, 11.0 mno1) was added arrl the 

sol ution stirra3 overnight. 

Neutra1ization to pH 6.0 (wet alk-acid paper) was accomplished with a 

5% solution of sodium methoxide in methanol. The solution showed 3% of 

the 'starting material, as detemined by GoL.C •• The methanol was removed .. , 
under reduced pressure arx:1 ether added. The solution was fil tered through . \ 
Celite am the ether renoved umer reduced pressure. The dioxolane, which 

rernained disso~.ved in ethylene glycol, was purified usi,ng preparati ve 

H.P.L.C. (10:1 hexanes-ethyl acetate, v/v) to give 0.60 9 of the pure 

diox01ane in 64% yie1d. 

The sarne reaction conditions usin9 , different work up gave an 

improved yield. '!he reaction was neutralized wi th a 5% solution of sodiLlll 

methoxide in methanol to pH 6 (wet a1k-acid paper). The methanol was 

removed .tYl. vac.uo. The residue was distil1a3 (b.p. 117-13SoC/14 torr, 

lit.161 141-2/40 torr) using a Kugelrohr apparatus to yie1d a compound 98% 

pure by G.L.C: analysis. The yield is essentia1ly quanti tati ve gi v ing 

0.95 9 of the slight1y impure product. The spectral data ari; 

I.R. (neat) : ':> =2925, 1467, 1408, 1144, 1122 an-le 

lH-N.M.R. (COC1 3): é =0.86 (t, 3H, CH3(CH2)'~, J=5.5 Hz), 

1.1-2.0 (m, 14H, CH3 (è'H2) 7)' 3.7-4.1 (m, 4H, OCH2CH~O), 
4.82 ppm (t, 1H, HC(OCH2CH20)CH2,' J=4.3 Hz). 

M.S.:m/z=185 (1%, M+ -H), 141 (1%, M+ -CH3CH20), 

73 (100%, CH3CH2cH2CH20+), 57 (13%, CH3CH2CH2CH2+)' 

43 (24%, CH3CH2CH2 +) • .• r 
G.L.C.:6' 5% CARBCWAX 20M on ŒROMOSORB W, 150°C: 

CH3(CH2)7CHO RT=0.60 min. 

CH3 (CH 2) 7CH(OCH2CH20) Rt='1.12 min. 

.. . 
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2-Methyl-2-(2'methyl-1' ,3'-dioxolane)-"1.,3-dioxol a~e (28) 

.. 
Diacetyl (0.43 g, 5.0 mmol) was dissol ved irl\ a solution ,of 

ethylene glycol (0.61' mL, 11.0 ImIol) and methylene chloride (25 mL) urxler 

a ni trogen atmosphere. Trimethylchlorosilane (2.8 mL, 22.0 mmol) was 

added and the reaction stirred overnight. The yellow colobr of the 

starting material disappeared within 40 min. 

The reaction was quenched wi th a 5% aqueous bicarbonate sol ution" and 

extracted with ether (2x75 mL). The combined ex tracts were dried over 

anhydrous MgS04 am the ether removed, after filtratlon through Celite, 

under reduced pressure to gi ve 0.83 9 of the ti tle compound in 95% yield 

(m.p. 89°C). A single recrystallizatlon fran hexanes improved the m.p. to 

900C (lit. 162 900C). 

Several attempts were made to isolate the monodioxolane. 

reaction was performed under the following conditions. 

1) 0.050 mol 2,3-butanedione, 150 mL anhydrous 

tetrahydrofuran, 0.018 mol ethylene g~ol. 

2) 0.050 mol 2, 3-butanedione, 150 'mL anhydrous 

tetrahydrofuran, 0.044 mol ethylene glycol • 

3) Reaction l but .{./J 0 -propanol as solvent. 

4) ReactlOn 2 but .üo -propanol as soivent. 

The 

" 

The reactions followed a thermal gradient from -780 to DoC. At the 

cOlde~t temperature tested, -7SoC, there was qo observable_ ~ction. At-

60°C, G.L.e. analysls indicated the presence of the b-i/J ~olane and a 
-

new peaJç: of intermediate retention time between the staruing material and 

the b'<'.6-dioxolane. It i5 suspected that this is the monodioXioOlane (2-

acetyl-2-methyl-1,3-dioxolane). At -42°C, the intensity of thlS peak ~s 

substantially reduced, and at -2S oC 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 wi th the , .. 
solvent peak), but the relative intensities of the two product peak~ are 

shown below. 
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1.> --
Temperature (OC) mOoocUoxolarlf! (1) 6"<".6 -dioxolane 

-78 0 0 

--60 79 21 

-42 17 83 

-25. 0 100 

The reaction was quenched with a vanety of bases in an attempt to 

iso-late the e1usive monodioxolane. Us-iog aqueous Na2S04' me'thano1ic 

NaOMe, or N~H in reactions 1 aOO -2, lH-N.M.R.. indicated the possibi 1 i ty of 

the existence of this product only if the spectrun was taken inmediately 

after quenching. Otherwise it r~pidly dissociated into a mixture" of Jle 

starting materia1s am the b~lJ -dioxolane. As a resu1 t, the canpourrl was 

never iso1ated nor was i ts structure ever really deterrnined. Is is 

interesting to speculate that one of the compounds in the reaction 
1 

mixtt1~l the 2,3-butanedione, 1;11e monod~oxolane or the b,w -dioxolane, is 

acting as an acid~atalyst. The spect~al data are 'as f0110~; 

I.R. (CC14) : \1=2965, 2881, 1450, 1372, 1279, 1261, 1195, 1142, 

1110, 1092, 902 on-le ~ 

1H-N.M.R. (CDCl 3): ô =1.42 (s, 6H, (0i3C(OCH2Œ20) 212) , 

3.4-4.2 PJ;tIl (m, 8H, [CH3C(OCH2CH20) 2]2)· 

M.S.:m/z=114 (1%, ~-OCH2CH20), 87 (~7%, M+-C(OCH2CH20) CH3), 

• 73 (36%, HC (OCH20f20) +,), 43 (100%, OijOJ+). 

G.L.C. :6' 5% ~ 20M 

0i3Cocc:xjf3 

CH3COC(OCH2CH20)CH3 

[0i3C(OCH2CH20) 2] 2 

• 

Cyclohexenone-ketal 

on CHROMOSORB W, 1SOoC: 

RT=0.25 min. 

RT=1.06 min. 

RT=1.42 min. 

Cyc1ohexenone (0.48 g, 5.0 mmol) was dissol 'jed in four different 

sol vent systems as listed below. Chlorotrirnethy1silane", was added (1.4 mL, 

11.0 mmol) ta each system and the reaction stir...ed at the 1 isted 

temperature overnightp _,_-

(/ 1) 

2) 

soI vent, methanol, 25 mL; room tenperatUl:e. 

sol vent 1 methanol, 25 mL; refl U:l!; • 
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3) solvent, ethylene glycol, 25 mL; roon temperature. 

A) ,solvents, methanol, 25 mL, ,etl'iylene glyéOl, 3 mL; 

reflux. 

E&ch reaqtion was quenched wi~h a 5%. ~q?eous sodium bicarbo~at:e 

solution or with Amberlyst A2I (dimethylamirle) resin. ~L.c. analysis of . . ' 

the ensuing re~idues indieated products ~ich·appeared to èOrtelate tO' tl'1e ' 

efpected products (1,l-dimetholCycyelohex-2-ene or 1,I-ethylenedioxycyclo-

hex-·2~e). 'Ihat is, Waks were observed whieh had higher retention tintes 

than those of the starting materials. 
û 

" Cœtplex reaetion mixtures were retrieved frem coooi tions 2,3 aOO 4. 

However, hom reaction 1 the IH-N.M.R. speetrum of the erude reaetion 

ll\Î.xture was reveàling. No olannie protons were obsérvedï and in 
# ~ 

addi tion, u~ree peaks ascribable to CH30 were prcesent. It is temptiD;1 to 

), suggast 1,1,3-trimetholCycyelohexaoone as, a possible product. 

gnfortunately, atl attempts to' i solate this proQuct hy Kugelroh'r . ,. 
dipti 11 at ion or ehranatography failed to 0 yield any identi fiabl~ product. 

Thus, the experiment Mas eonsidêJ:;ed a fail"ure. , , 

Reaction J.: ' • 
IH-N.M.R. (œcJ.3) : 6=0.9-2.9 ~m, 24.5H, -(CH2 ) 3Ç3(CCH3e).9!2C-, 

plus polymerie produets), 3.15 (s, 3H, ÇH3aCCIOCH3~; 
3.22' (s, 3H, ,CH3

aOCl,Q9hb ), 3.34 (s, 3~, HC30Q!3 e)" 
'C 3.65 PJ;X!I (s, lH, ~(OCH3 l,. ' 

G.L.C.:6' 5% OV-IOl on CHROMOSORB °750, lOOoC: 

(CH3) 3SiC1 

-(ai2) 3CH=èHc0-
RT:r0.6l: min. 

-(CH2) 3Œ (cx:H3) CH2C (OCH3) :iC ' (?) 

RT:O • 80 min. 

Rl,'=1. 6S min. 

Reaction 2: 

G.L.C.:6' 5% aV-lOI on amOMOSORB 750, 100°C: 

(CH3) 3SiC1 

-(ai2)3CH=CHCO-

ùnknown 

RT=0.54 min. 

RT=O.75 min'. 

RT=3.23 min'. 

G.L.C.:6' 5% CARB~ 20M on CHROMQS{)RB W, ISOoC: 

Reaction 3: 

o 

l""(CH2)3CH=CHCO­

HOCH2CH20H 

RT=O.75 min. 

RT=1.24 min. 

, 

Il 
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unknown RT=1.62 min. 

unknown RT== 1. 90 . min. 

Reaction 4: 

-(0I2)3CIj=aco- RT=0.76 min. 

~~ 
RT== 1. 03 min. 

unk Rl'= 1. 44 min. 

mlkno RT=2.60 min. 
ri 

2-Methyl-3r (2' -hydroxyethanoxy) -cyclopent-2-enone (30) ~ 

2-Meth;1-1,3-cycl.opentanedi~) (0.56 g, 5.0, mmol) was dissol ved ~ 
in methylene chloride (30 mL) under an argon atrnosphere. 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 48~j1. By T.L.C., " 

after 23 h, only mOre polar campounds were detected. 

/ The reaction was quenched wi th a 5% aqueous sol ution of Na2C03' The 

solution was' extracted wi th ether (2 lC 50 mL), washed wi th brine (2x10 mL) 

arrl~ cornbined extracts were dried over anhydrous MgSO 4 and ga ve 0.5'3 9 

of a crude crysta11ine material (m.p. BG-2°C) after evaporation. 

A quanti~ of 00.,1087 9 was subrnitted to rnesh chromatography (2 

eluti'ons, 92.Sq.5, hexanes-ethyl acetat~~ v Iv) to gi ve 0r0624 9 of the 

cry~all ine ti t1e compound (m.p. 80-2°<;) in 39% yield. In addition, 

another canpourrl was i$Olated (0.0067 g) wtÜch eluded identification. The 

spectral characteristics of the ~pounds are as fo110ws; 

( 
Cc:mpouOO 30 

"r.R.{cHc13):v =3691, 3488, 1683, 1625,1392, 1336 am-le 

l H- N•M•R• (CDCl3):6 =1.63 (s, 3H, C=C9:!3)' 2.44 (t, 2H! CH2CH2CO, J=4.7 Hz), 

,2.67 (m, 2H, CH2CH2CO) 1 3.18 (bs, lH, C~ 

3.~.!_jt, 2H, OCH2CH20H, J=4.4 HZ)~, 

4.30 ppm (t, 2H, OCH2CH20H, J=2.2 Hz). 

M.S.:mjz=156 (96%, M+), 112 (57%, M+-CH2CHZO), 83 (70%, CHCH2COCOI3). 

Onknown Compound , \ 

I.R.,{ŒC13):v =3361, 1295, 1191, 983 an- l • 

I H- N•M•R• (aJC13) : ô =2.63 (s, nH), 2,67 (s, nH). 

M.S.:m/z=219 (3%), 203 (1%), 179 (57%), 135. (98%), 99 (60%), 92 (59%). 
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1 2,3-Ribofuranose monoacetonide (32) 

Ribose (0.299 g, 1.99 rmnol) was suspended in aeetone (20 mL) and 

methan01 (10 mL) uooer a ni trogen atmosphere. Chlorotrirnethylsi lane (1.1 

mL, 8.7 mnol) was added and the reaction was stirred for 10 min. 

The sol vents were removed A..I'I. vaeuo ta 9i ve 0.585 9 of a erude 

residue. A quantity of 0.075 9 was sul:rnitted ta flash chromatography (1:1 

exanes-ethyl acetate, v Iv). After evaporation of the sol vents, 0.035 9 

~~ re acetonide was iso,~ated ln in 72% yield. The spectra{data for 

( thi~ compound are; 

I.R.(CHÇ13):\ =3393, l4S~, 13-:'2,1208,1157,1063 cm .. l . 

IH-N.M.R. (CDC13) :6 =1.41 (s, 3H, CH3a-C-CH3b), ~ 
1.60 (s, 3H, CH 3a-C-f!i)b), 3.77 (d, 2H, H2C5, J4,S=6.4 Hz), 

4.27 (bs, IH, C50H) , 4.47, (m, IH, C4H), 

4.63 (d, IH, C3H, J 2 ,3=5.8 Hz), 4.84 (d, IH, C2H, J3,2=5.8 Hz), 

5.43 (bs, IH, CIOH), 5.47 ppm (s, IH, C1H). 

13-C-I'U'j. R. (COC1 3): =2~.17 (H~C6), 26.29 (H 3C7C6), 63.46 (C5H20H), 

81.59 (C30), 86.71 (C20), 87.63 (C40), 10l.73 (CIOH), 

112.12 pprn (C7H3C6C8H3). 

1,2- A..b C' -Propylidlneglucofuranose (.ll> 
(1,2-g1ucofuranase acetonide) 

Glucose (1.8 g, 10.0 lij[no1) was suspended in acetone (175 mL) and 

methanol (50 mL) under a nitrogen atmosphere. Chlorotrirnethylsilane (5.0 
• 

mL, 53.8 mmol) was added and the reaction stirred for, 20 h at room 

temperature. 

The sol vent was removed under reduced pressure to 9 i ve a white 

amorphous -sol id~ Recrystall ization from ether gave 0.933 9 of pure 

crystal l ine .(~p. 159-60oC, 11 t.137 160-10 C) ti tlle compound and left 0.962 

9 of "erude" material which showed only one .spo't on T.L.C. and was also 

pure ~H-N.M.R •• ':The overall yield was 86%. A mixed mel ting point of 

the "erude" aoo pure materials was identical with the iooi vidual mel tlng 

points. The spectral characteristies of the canpouoo are; 
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I.R.(nu]ol mul1):v ""3439, 31312, 1222, 1162, 1084, 1063, 1039, 

1009, 959 an-1 • 

IH-N.M.R.(D20:CD30D 1:1, vjv):6 =1.36 (s, 3H, Cl1)a-C-CH3b), 

1.52, (s, 3H, CH3a-C-CH3b), 3.6-3.9 (m, 2H, C6H~), 
/ 3.9-4.2 (m, 2H, C4H + CSH), 4.26 (d, IH, C3H, J 3,4=2.2 Hz), 

4.52 {d, IH~ C2H, J2,1=3.8 Hz), 4.79 (bs, 3H, 3 x OH(HOD)), 

5.91 ppm (d, IH, CIH, J 1 ,2=3.8 Hz). 

2' ,3'- Ü o-Propylidlneundlne (l!) 

(2',3'-urldlne acetonlde) 

Undwe (0.171 g, ').70 :umol) was sus?ende:3 1:1 acetone (15 mL) 3nd 

metnanol (5 mL) unàer a ,nI trogen atmospnere. Cnlorotnmethyl sIlane (0.2 

mL, 1.6 rtlmo1) was added and the reactlon was stIrred for 40 mln at room 

temperature. 

The sol vents were removed under redueed pressure and gave, after 

PumPlI19 at hIgh v aeuLlT\ , 0.211 g of a white foam. A quantlty of 0.047 9 of 

the erude resldue was '6uhnitted to flash ehromatography (3:1 hexanes-ethyl 

acetate, v/v) to glve after'evaporatlon 0.039 of the cl:'~sta11lne tItle 

compound (m.p. 163-4 0 C, Il t. 138 1620C) ln 88% yIe1d. The spectral data 

for the compound are as fol1ows; 

I.R.(nujol mull):\) =3304,3242,1702,1664,1284,1273,1244, 

1213, 1159, 1119, 1074 an-le 

lH-N.M. R. (d6-acetone) : 6 =1.35 (s, 3H, CH3a-C-CH3b) , 

1.89 (s, 3H, CH3a-C-CH3b), 3.74 (d, 2H, H2C5', J4,5=3.8 Hz), 

3.5-3.8 (m, 2H, NH + OH), 4.0-4.3 (m, lH, C4'H), 

4.7-5.0 (m, 2H, (CH3) 2C(OC2'H) (OC3'H)), 

5.60 (d, lH, N-CH=CH-CO, J=7.8 Hz), 5.82 (d, IH, Cl'H, J=2 Hz), 

7.78 ppm (d, 1H, N-CH=CH-CO, J=7.8 Hz). 

l,2,4-Butanetriol-2,4-acetonide (]2) 

1,2,4-Butanetrio1 (0.45 g, 4.3 mmol) was suspended at room 

tanperature in acetone (250 iL) under an argon atmosphere. The reaction 

was coo1ed to -900e and chlorotrimethy~si1ane was added (2.0 mL, 15.8 

193 



mnol) • 

After 2 h, the reaction mixture was brought to pH 8 (wet alk-acid 

paper) with a 3% solution of sodi1.Jtl methoxide in methanol. The sol vents 

were remove:l ,(,,11 vac.uo and the residue was suspendeà in a minimum of 

methanol, diluterl with ether, and fil tererl through silica gel. to yield 
1 

after evaporation 0.742 9 of the title compound mixed with 17% of the 

.. diox01ane (36), in 91% overall yield. If the reaction was quenche:3 wi th 

an aqueous base, very much 10wer yields were realized. The spectral data 

of the dioxo1ane are; 
~ 

1.R. (neatl: \J =3422, 1380, 1271, 1234, 1193, 1162, 1099~969 an-le 

1H-N.M.R.(CDC13}:Ô =1.40 (s, 3H, CH3a-C-CH3b), 

1.48 (s, 3H, 0I3a-C-CH3b), 1.5-1.9 Jm, 2H, ROCH,CH2), 

2.72 (bs, 1H, OH), 3.4-4.1 ppm (m, SH, ROCH2CH2CH(OR)CH20H). 

1,2 ,4-Butanetr io 1-1, 2-aceton ide (36) 

1,2,4-Butanetriol (0.85 g, B.2 mmo1) was dissolved in acetone (250 mL 
at roan 'ternperature under an argon atmosphere. Chlorotrimethy1silane (3.0 

-mL, 23.7 mno1) was added am the reaction was stirred for 4 h. 

The reaction mixture was brought to pH 8 (wet al k-acid paper) wi th a '" 

5% solution of sodium methoxide in methanoL '!he sol vents were removeà,(,/1 

vac.uo and the residue was suspended in a minimum of methanol, di 1 uteà 

wi th ether, am fil tered through sil ica gel. After evaporation, 0.676 g 

of the ti tle compound, mixed wi th 10% of the dioxane (35) was isolated in 

an overa1l yield of 57%. If the reaction was quenched wi th an aqueous 

base, very much lower yields were realized. 

Al ternati vely, 1,2,4-butanetriol (0.364 g, 3.5 nmol) was dissoi ved in 

acetone (50 mL). P-T01uenesulfonie acid (25.0 mg" 0.13 mmol) was added " 

and the reaction stirre:l at room temperature'under an argon atmosphere for 

4 h. 

The reaction was guenched wi t~ a S% agueous NaHC03 sol ution (50 mL), 

extracted wi th ether (2 x 70 mL), washed wi th brine (2 x 10 mL) and the 

combined ex tracts were dried over Na2S04. After removal of·the sol vents 

uooer reduœd pressure, 0.200 g of the ti tle ccxnpound, contaminated with 

10% of the dioxane (~). was isolated in 39% overall yield. The spectral 
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data of the dioxolane are; 

l.R. (neat): v=3361, 1380, 1235, 1159, 1095 an-le 

IH-N.M.R. (ŒC13): 6=1.37 (s, 3H, CH3d_C-CH3e) / 

1.43 (s, 3H, CH3d_C-CH3e), 1.83 (q, 2H, OCH2CH2CH, J=6.0 Hz), 

3.60 (dd, 1H, ROCHaHbCHC(OR)CH2 , J ab=7.6 Hz, J ac=7.6 Hz), 

~' 3.81 (t, 2H, HOCH2 , J=5.7 Hz), 

4.09 (dd, lH, ROCHb HaCHc (OR)CH2 ,Jab=7.6 Hz, Jbc=6.0 Hz), 

4.28 ppm (pent, IH, ROCH2CH(OR)CH21 J=6.0 Hz). 

Preoaratlon of the 3,5-Dlnltro~tes of tne Acetonides of 1,2,4---- ~ -- -
Bu-.:anetrlol 

! 
To conflrm the identlty of the acetonldes (]2l and (~), the 3,5-. 

dlnltrobenzoate esters were synthesized. To a solution of 3,5-

dlni trobenzoyl chlonde (120 mg, 36.2 rrmol) and N,N-dimethyl aminopyridine 

(5..0 mg, 0.40 mmol) ln anhydrous trlett:t~amlne (30 mL) was added (35) (34.9 

:ng 1 0,24 mmol) at room temperature ~nd""r an argon atmosphere. 'J'ne 

reac110n was stlrred for 48 h (the reaction turned a-dark brown colour 

W~hln 3 hl. 
The rea\tlon was guençhed wlth a 5% aqueous solution of NaHC03 , 

ex racteà wi th ether (3 x 50 mL) and washed W1 th br ine (2 x 10 mL). The 

comblned ether extracts were dried over anhydrous MgS04 and after 

fil tration, the sol vents were removeà ,iYl va.c.uo. The erude residue was 

submitted to gradient mesh chromatography (100 mL each of 14:1, 9:1, 4:1, 

2:1 aoo 1:1 hexanes-ethy1 acetate, v/v) ta gi ve slight1y impure the 3,5-

dini trobenzo,te ester (89) in 18% yie1d (16.2 m:J). The "SaIne procedure was 

repeated wi th the dioxolane (36) iran the ·ch1orotrimethylsilane procedure 

(51.3 mg, 0.35 rrrn01) and the p -tol uenesu1 ~omc acid procedufe (25.0 m;J, 

0.17 mn(!)l). Both these compourrls gave the SaIne dini trobenzoate ester (90) 

ln 9% (11.2 mg) and 23% (24.9 mg) yield, respectively. The spectral data 

for the compourrls are; 

I.R. (bath compou~s, CHe1 3): v =1735, 1630, 1547, 1343, 1282 

I H- N•M•R• (CDC1 3) 

-1 an • 
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(89) 

8=1.40 (s, 3H, .Qha-e-0I3b), L51 (s, 3H, 0I3a-C-Qhb), 

(90) 

1.6-1.8 (m, 2H, ROCH2CH2CHOR), 3.9-4.2 (m, 3H, ROCH2CH2f!!0R), 

4.42 (d, 2H, CH2CHc(OR).9!2OCO, J=5.7 Hz), 9.1-9.3 PJ;n1 (m, 3Harcm). 

6=1.37 (s, 3H, ~d-e-CH3e), 1.44 (~, 3H, CH3
d-C-cH3e), 

2.09 (q, 2H, OCOCH29!2c1fCOR, J=6.3 Hz) , 

3.65 (dd, lH, ROCHaHbCHC(OR)CH2, J ab=8.0 Hz), J ac=6.6 HZ), 

4.15 (dd, lH, ROCHbHacHC(OR)CH2' Jab=8.0 Hz, Jbc=6.0HZ), 

4.2-4.4 (m, lH, ROCHaHbCfiC (OR) CH2) , 

4.60 (t, 2H, OCOCH2CH2CHc (OR), J=6.6 Hz), 9.1-9.3 (m, 3Harom). 

The Attenpted Preparation of Orthoesters 

Methyl benzoate (0.68 g, 5.0 nmol) was dissol ve::l in ~thanol (25 mL) 

under a ni trogén atmo"sphere. Ch10rotrimethylsi lane (1.4 mL, 11.0 mmol) 

was added aOO the reaction stirred at reflux overnight. 

The' sol vents were rernoved in va.c.uo. lH-N.M.R., T.L.C. and G.L.C. 

analyses irrlicated on1y the presence of starting material. 

Methyl phenylacetate (0.40 g, 2.67 mmol) was dissoved in CH2C12 (25 
CI ' -

mL) under an argon atmosphere. 011 orotrimethy l si lane (1.5 mL, Il.8 rnnol) 

and ethy1ene glycol (0.8 mL, 14.4 rmlol) were added and the reaction was 

stirred for 16 h at rocm tanperature and a further 8 h at refl ux. 

The reaction was quenched with a 5% aqueous solution of NaHC03' The 

sol ution was extrac~ed wi th methylene chloride (5 x 25 mL). '!he canbined 
- . . 

ex tracts were dried,over anhydrous MgS04' fil tered through siliéa gel to 

trap the excess ethylene glycol, washed with ether am the solvents were 

removed under reduced pressure ta gi 'le 'only the starting methyl 

phenylacetate. 

ESTERS 

Methyl benzoylformate (1) 
1 

Benzoylformic acid (0.75 g, 5.0 mmol") was dissol ved in dry tetra-

r 
,; 

1 
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hydrofuran (40 mL) uooer an argon atmosphere. Ch 1 or:otr imethy1 silane ' (1.1 
1 

mL, 8.25 nmo1) aOO methano1 (0.2.mL) were added. Mdi tiona1 methano1 was 

added at 16 h (0.2 mL) and 26 h (3.0 mL, total 84.0 mmol). 

After 64 h, the sol vents were removed under reduced pressure ta gi ve 

1.01 of a erude produ~. A quantity ~f 0.24 9 was submitted to flash 

chranatogr:aphy (3:1 hexanes-ethyl acetate, v/v) to gi ve 0.18 9 of the pure 
1 

canpourrl in 89% yield. If t\to'O equivalents of TMSCI aoo excess methanol 

were used, as in aIL of the syntheses of the methyl esters listed below, a 

mixture of the tit1e canpoum arxl 2,2-dirnethoxyphenylacetaldehyde (v-<'de 

.6 uplLa., Acetal s) was iso1 ated (re1ati ve proportion 37 :55 ~ter:acetal­

ester). "The spectral characteristics of the ti tle canpound are; 

I.R. (neat}:v =1742, 1693, 1598, 1582, 1457, 1433, 1324, 1207, 

1173, 1003 cm-1 • 

lH-N.M. R. (CC14) : 0 =3.90 (s, 3H, COOCH3)', 

7.2-7.6, 7.8-8.1 pprn (m, 5Harom)' 

M.S.:m/z=164 (1%, W), ~os (100%, C6HSca+), 77(78%, C6HS+)' 

G.L.C. :10' 6% aV-iOl on CHROMOSORB W, lSOoC: ' 
1 

C6HSCOCcx:x:H3 
C6HSC(OCH3}2COOCH3 

Methy1 benzoate (39) 

RI'=3.78 min. 

RT=S.53 min. 

Benzoic acid (0.61 g, 5.0 rranol) was dissol ved in absolute methanol 

(25 mL) under a ni trogen atmosphere.. Ch1orotrimethylsi lane (1.4 'mL, 11.0 1 

mnol) was added and the reaetion stirred overnight. Gas chromatographie 
(' 

analysis showerl the presence of a single peak aoo indicated the abse~ of 

benzoie acid. 

The sol ution was neutralized ta pH 6.0 (moist alkacid paper) wi th a 

10% solution of sodium rnethoxide in methanol. TQe sol vent was removed 

under rerluced pressure, ether added, aoo the suspension fil tered through 

Ce li te. After evaporation, 0.67 9 of methyl benzoate, pure by G.L.C. and 

I H- N•M.R., was isolated in 98% yield. The spectral characteristics of the 

eanpouoo are; 

I.R. (neat): \1=1730, 1602, 1588, 1~96, 1455, 1440, 1320, 1280, 
,1 
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1 
1197, 1180, 1120, 1072, 1029, 969 cm-l • 

IH-N.M.R. (Q)Cl.3) : Ô =3.89 (s, 3H, COOCH3)' 

7.1-7.9, 7.8-8.2 ppm (m, sHaram). 

G.L.C. :6' 5% CARBCMAX 20M on CHROMOSORB W, 200°C: 

'C6H5COOH RT=2.S2 min. 

RT=O.SO min. 

Dimethyl 1,12~odecarrlioate (.!Q.) 

1,12-Dodecandioic aci<? (1.15 g, 5.0 mol) was dissol ved in a sol vent 

mixture of absolute methanol (25 mij,. hexanes (10 mL) and ethyl ether (15 

mL) under a nitrogen atmosphere. Chlorotrimethylsilane (2.8 mL, 22.0 
.,' 

rrmo1) was added arrl the <reaction stirred q,vernight. 

The solution'was neutralized to pH 6.0 (wet alk-acid paper) with a 

10% solution of Sodil.lIl~hoxide in methanol. The sol vent was ranoved .in 

va.c.uo after filtration through 5.0 g of coarse silica gel to give, after 

evaporation, 1.04 9 of the dimethyl ester' in 85% yield (m.p. 30.s-310 C, 

li t 222 31 OC) • '.Ihe spectral characteristics of this canpourrl are; 

I.R.(neat): v=2940, 2860, 1731, 1439, 1253, 1200, 1172 cm-l • 
1 . . 
H-N.M.R. (COCI3) : ô =1.28 (bS, 12H, H3C02C(CH2) 2 (CH2) 6 (CH2) 2'X>2CH3)' 

1.63 (bs, 4H, H3C02CCH2CH2(CH2)6CH2CH2C02CH3), 
~ . 

u 2.30 (t, 4H, H3C02OCH2(CH2)aCH2C02CH3)' 

. 3.65 ppm (s, 6H, 2 x COOCH3) • 

M.S.~z=227 (25%, ~-OCH3)' 185 (30%, ~-CH2COOCH3)' 

153 (24%, HC(CH2) 900+) , 98 (95%, (CH2) 7+) 

~5, (88%~ C4H7+)' 43 (60%, CSH7+)' 41 (64%, C3HS+)' 

G.L.C.:6' 5% CAR80WAX 20M on CHROMOSORB W, 200°C: 

H3COOC(CH2)lOCOOCH3 RT=3.08 min. 

, 
Methyl 12-hydtoxydodecanoate (41) 

o 

12-Hydroxydodecanoic acid (1.08 g, 5.0 mmol) was' suspended in 

absol ute methanol (25 mL), ethyl ether (15 mL) am hexanes (15 mL) uooer a 

ni trogen atmosphere. Ollorotrimethylsilane (1.4 mL, 11.0 nmol) was added 
[ 

and the solution stlrred overnignt. 
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Neutralization toc pH ~.O (moist a1k-acid paper) wi th a 10% solution 

of sociimt methoxide ln methanol, was fol1owa::l by evaporation to dryness . 
, uooer reduced pressure arrl redissolution in a 1% methanol-ether solution. 

Filtration through coarse silica gel (5 g) was followed by evaporation to 

gi ve 1.11 9 of the methyl ester in 96% yield (m.p. 30.5-31.50 C). The 

residue was purified by flash chromatography (10:1 hexanes-ethyl acetate, 

v Iv,) to gi ve 1.05 g of the pure canpoun1 wi th the mel ting point increased 

to 31-32oC (li t.222 33-4°C). The spectra~ charactedstics of the canpourrl 

are; 

I.R.(neat):v =3400, 2940, 2862, 1746, 1460, 1439, 1365, 1250, 

. 1200, 1175, 1109, 1054 cm-l. 

IH-N.M.R. (CI:lC1 3):ô =1.10 (bs, 19H, HOCH2(CH2)9) , 

1. 74 (m, 2H, Œ2COOCH3)' 2.25 (t, 2H, 0i2oH, J=6.0 HZ), 

3.65 ppm (5 3H, COOCH3). 

M.S.:m/ z= 200 (5% , M+ -Œ2)' ,185 (6%, ~ -cH2CH20H) , 

153 (6%, W -Œ20I2COOCH3) , 139 (3%, M+ - (ai2) 3COOCH3) , 

125 (4% (M+ -(Œl2) 4COOCH3)' 111 (11%, W -(012) SCOOCH3)' 

98 (28%, ~Hl/) i 97 (18%, C7H13 +), 87 (55%, (012) 2COCCH3 +) t 

83 (25%, C6Hl1+), 69 (43%, C5Hg+), 55 (89%,C4H7+)' 

~thyl glutamate (42) 

. ' 

Glutamic acid (4.42 g, 30.0 TImo1) was suspeooed in absolute methanol 

(lOO_mL) urrler an argon atmosphere. Ch1orotrimethylsi lane (7.0 mL, 55.2 

nmol) was added and the reaction stirred ,at room temperature. 

After 5 min, a11 the preci.pi tate hoo dissol ved am the sol vent was 

then rE!TIoved UI1tI1er reduced pressure. The residue was recrystallized frem 

methano1-ether1:o give 3.98 9 of the glutamate contaminated with 21% of 

the dimethyl ester (by IH-N.M.R) ana--!.84 g of pure crystal l ine 5-methyl 

glutamate with a total yie1d of 85% (m.p. 157-8oC, 1it.228 ,229 160-~oC). 

The spectral characteristics of thi~ compound arei ~ 

I. R. (KBr) : v =1725, 1609, 1489, 1437, 1239, -1018 an-le 
l H-N.M.R.(D20:CD300, 1:9, y/V;): é =2.2-3.0 (m, 4H, CH2CH2) 1 

3.72 (s, 3H, COOCH3)' 4.32 (bs, SH, Cl H3NCHCOOH); 
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N.B. in txlre d6-acetone the a-proton triplet is 

di~tinguishable fram the labile NH and OH protons: 

4.33 ppn Ct, lH, NCHCOOH, J=5.5 Hz). 

[Dimethylester 

IH-N.M.R. (Œ>3OD) : Ô =2.2-3.0 (m, 4H, CH2CH2)' 3.72 (s, 3H, COOCH3)' 

3.87 (s, 3H, H3NCHCOOCH3)' 4.33 ppn (bs, 4H, ClH3NCH). 

M.S. :m/z=130 (13%, W -HCI-Œ30), 116 (61%, W -HCl-COOH) 

98 (44%, l16+-H20), 84 (82%, ~-HCl~30H-COOH), 

73 (31%, CH3012COOH+).· / 

Methyl hippurate (43) 

Hippuric acid (benzoylg lycine, 0.36 g, 2.03 mmol) was dissol ved in 

absolute methanol (40 mL). Chlorotrimethylsilane (0;6 mL, 4.7 nmol) was 

added and the rea<;=tion stirred under an argon atmosphere at room 

tenperature. 

After 12 h, the Methanol was ranoved unjer reduced pressure to gi ve 

0.35 9 of a crude pr09uct. A quantity of Q.075 9 of the residue was 

subrn-itted to flash chromatography (1:1, ethyl acetate-hexanes, v/v) to 

give 0.074 9 of methyl hippurate in 85% yield m.p. 80.5-81'oC, lit. 222 

85@C). 'lbe spectral chacteristics of ~the cc:mpound are;. 

I.R. (œJ.4) : \) =3340, 1744, 1654, 1535, 1262, 1206 cm-l • 
. 1 

H-N.M.R. (Q)C13)': ô =3.66 (s, 3H, -COi3).1 

4.14 (d, '2H, NHCH" J=5.2 Hz), 6.03 (bs, IH, NH), 

7.1-7.5,7.6-7.8 (m,SHaram). 

M.S.:m/z=193 (39%, M+), 161 (25%, M+ -Œ30H) , 134 (57%, M+ -COCCH3) , 

. 105 (100%, C6HSCO+) 1 77 (60%, C6Hs+)' 
G.L.C.:6' CV-lOI on CHROMOSORB 750, 200°C: 

C6H5CONHCH2COOCH3 RT=1.35 min. 

Methyl leucinate (44) 

Leuc.ipe (0.66 g, 5.0 mmol) was dissol ved in dry methanol (25 mL) 

urxler an argon atmosphere. Chloro·trirnethylsilane lA mL, 11.0 rrmol) was 

added aOO the reaction stirred OVernig~. More ch1orotrimethylsilane (1.4 
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mL, 11.0 mmo1) was added and the reaction stirred a furthèr 48 h at roord' 

temperature. 

The solvent was removed ùt va.c.uo aDJ th.e precipitate dried at the , 
pump yielding 0.83 9 of crude methyl leucinate·HCl saI t. Al though the 

crooe residue was recr~stallized fran methanol-ether, it was fouoo that 

the recrystallized material had ,an identica1 mel ting point (m.p. 14S-60C, 

lit.222 1460C) to that of the crude materia1. The obtained yield was 97%. 

The spectral characteristics of the compound are; ~ 

I.R. (KBr): \)=1745, 1580, lS04, 143S, 1274, 1216 an-1 • 

IH-N.M.R.(CD30D): ô =1.00 (d. 6H, CH (CH3) 2' J=5.8 Hz), 

1.0-1.1 (m, IH, .9!(CH3) 2) , 

1.6-2.0 (m, 4H, CH2CH2) , 3.85 (s, 3H, COOCH3)' 
4.04 (t, 1H, CHCOOCH3 , J=7.0 Hz), 4.85 ppm (s, 3H, NH3C1). 

M.S_ :m/z::88 (76%, ~-HCl-(CH3) 200i2) , 86 (83%, ~-HC1-Cocx::H3)' 

57 (22%, {CH3)2CHCH2+}' 44 (100%, (CH3)2CH2+)' 

Methy1 6~amino-penicillanoate(HC1 salt) (45). 

(Methyl 6-amino-3,3-dbnethy1-7-oxo-4-thia-1-azabicyc10 (3~2,0] 

heptane-2-carboxylate-HCl salt) 

6-Aminopenici llanic acid (0.1088 g, 0.504 nun01) Vias disso1 ved in 

absol ute methan01 (25 mL) under an argon at,mos,phere. Ch1orotrimethyl­

silane (0.14 mL, 1.ll rrimo1) was added and the reaction was stirred for 5' 
. , , 

minutes. 

The solvents were removed at lO-lSoC under high vacuum and the . , 

crysta1s punped very dry to give a erude product. This ~as recrystallized 

f~om methanol-ether and gave, after pumping, 0.1128 9 of the title 

compound in 84% yield (m.p. ,136-40°C). The spectral ehara'cter isties bf 

the compouoo are; 

I.R. (CH30H):V =1790, 1725, 16,38, 1206 an-le 

lH-N.M.R. (CD30D) : ô =1.36 (s, ,:3H, CH3a-C-CH3b), 

1.67, (s, 3H, œ 3
a-C-CH3

b), 3.87 (s-, 3H, Ccxx::H3) , 

3.94 (s., 1H, CHCOOCH3) , 4.25 (d, lH, CIH3NCHCHS), 

4.97 (St 3H, NH3Cl) , 5.16 ppm (d, IH, CIH3NCHCHS). 
<, 

- " 

, 1 

, 
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Methyl pheny1acetate (.1§.) 

\ 
Pheny1acetic acid'(2.70 g, 19.9 mmol) was dissolved in methanol (40 

o ' 

mL) unàer an a.rgon atmosphere. Trimethy1ch10rosi 1ane (S.SO mL, 43.4 nmol) 

was adde::'l aOO the reaction stirred ~vernigh~ et roem temperature. 

The sol vents were remove::'l in va.c.u.o and the residue fil tered through 

silica gel which was washed with ether. The filtrate and the' ether;' 

washl.ngs had the sol vents remO~ed under reduced pressure' to gi ve 2.52 r 
of the title compound in 84% yield. The spectral data for the compound 

are; 

/ 

:.R. (neat) :\.,' =3084, 3063, 3027, 2956, 1733, 1493, 145::, 1432 c1- 1 . . , 
.I.H-N.M.R. (mel3): é =3.48 (s, 3H, OCH3)' 3.55 (s, 2H, C6HS.9:!2)' 

7.17 ppm (s~ 5Harom). 

Ethyl r-methvlbenzoate (47) , 

'p-Methyloenzoic aClà ('toluic acià, 0.68 g, 5.0 ::mal) "",as dlssolveà 

in absolute etnanol (25 mL) under an argon atmosphere. Chlorotnrnethyl­

SIlane (1.4 mL, 11.0 nunol) 'was ad~ and the reaction ,was stirred 

overnight at room 'temperature. After 16 h, vèry little reaction had, 

occurred, 50 the reaction was refluxed for a further 18 h. 

The reaction mi xture was dissoi ved ln ether (2 x 50 mL) and washed 

wi th water (2 x 20 mL). After drying the organic layer over arihydrous 

MgS04, evaporation of the sol v,ents onder reduce::'l pressure gave 0.83 9 of 

crude product. A quanti ty of 0.13 9 was' 'subni tted to flash chrcmatography 

(6:l hexanes-ethyl ace~te, v/v) to gi ve 0.12 9 of the pure product in 96% 
, / 

yleld. The spectral data for the compouhd are; 
(" 

I.R. (OCI4): v =1710, 1605, 1584, 1454, 1367, 1277, 1110, 913 on-1• 

IH-N.M.R. (CCCI 3) : 0 =1.35 (t, 3H, CH2CH31 J=7.0 Hz),1/ 

2.36 (s, 3H, CH3C6H4)' 4.37 (g, 2H, CH2CH3' J=t,O Hz). 

7.08, 1.91 ppm (ABq, 4Harom' J om=8.4 Hz). 

• 
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Ethyl e -ni trobenzoate (48) 

() 

P -Ni trobenzoic acid (0.84 g, 4.8 nmol) was dissol ved in dry 'et;}1ano,l 

(25 mL) under an argon abnosphere. Chlorotrimethylsilane (1.4 mL, (1.0 

mmol) was added and the reaction stirred for 1 h at room temperatqre and 
G' 

then refluxed for 36 h. As a result of technical problems, the r~action 
6' " 0 

boiled dry. 'Iherefore, more chlorotrimethylsilane (1.4 mL, 11.0 nmol) and 
" 0 

o 

dry ethanol (25 mL) were added aoo the reaction was refluxed a further 12 û' 

h. 

RenovaI of the sol vent umer redueed p~ure gavetp.83
u 

9 of "a erude 

crystal 1 ine product (m.p. 55.5-57oC, lit. 222 56°0. A qù'anti ty of 0.112 9 

was ~rified by flash chrornatography (6:1, he~nes-ethyl acetate"" v/v) to 

gi ve 0.102 9 of pure ti tle compound in 78%~iel~. When accounting for 

recovered starting material the isolated yi'eld was 81%. The spectral 

characteristics of the canpoum are; 

I.R. (neat) : v =1726, 1528, 1276, 908 an-le 
l ~ , 
H-N.M.R. (CDCl3) : ô =1.40 ,t, 3H, CH2CH3' J=7.0 Hz), 

o 

4.38 (q, 2H, CH2CH31 J=7.0 Hz), 8.17 ppm (s, 4Harom)' 

M.S.:mjz=195 (15%, M~, 178 (44%, M+ -OH), 167 (73%, M+ -Q;!2CH3) , 

150 (100%), ~ -OCH2CH3)' (104 (62%, 150+ -N02)' 76 (52%, 104+ -CO). 

Ethy1 hippurate (49) 

" Hippuric acid (0 .. 36 g, 2.0 mmol) was dissol ved ~n 'ab~ol ute ethanol 

(22 mL) under an argon abnosphere. Chlorotrimethylsilane (0.6 mL, 2.0 

mnol)' was added. aoo the reaetion stirred at room tenperature for 40 èr • ..... ' 
The sol vent was renoved in va.c.u.a aoo

o 
the residue crystallized from 

ethano l-etner to 9 i ve 0.41 9 of crude pf"oduct. A quanti t~, of 0.109 9 of 

the c'rude product was sul:mi tted to f1 ash chrOOlatography 01 (4: J. hexanes-ethy 1 

acetate, v/v) to give, after evaporation, 0,107 g of pure product in 97% 
~ 

yield. The mel ting points of the erude am chromatographed matefial were 

identl.cal (rn.p. 61.50 C, li t. 222 67 .s°C). 'n1~ spect'ral ~haraeteristi9s of 

the compound are; 
o .-, 

l .R. (œ14) : v =3252911739, 1654, 153'1, 1209, 913 au-le 

/, 
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lH-N.M.R. (CDCl.3): ô=1.25 (t, 3H, CH2<!H3' J=7.5 Hz), 

4.06 (d, 2H, ~2N, J=S.O Hz), 4.13 (q, 2H, .9!2CH3' J=7.5 Hz), 

(m, 6H, C6HSCONH). 

M.S.:m/z=207 (67%, 161 (49%, ~-cH3CH20H),c 

134 (94%.1 ~ ), 105 (56%, C6HSCO+), 

77 (93%, C6H5 +). 

Ethyl glu~tè (50) 

" ,-

Glutamic acid (4.42 g, ~O.O aunol) was suspended j.n~solutë ethanol, 

(150 mL) under a ni trogen atmophere. Chlorotrimethylsfane (4.5 mL, 48.5 

rrmol) was added am the reaction was stirred~ room 1;;anperature for 0.5 h 

(no precipitate ranaine1). Hel gas was partially ranoved by bubblirg with 

ni trogen umer vacuum for 0.5 h. 

The ethanol was removed ùt va.c.uo , and the erude gl utaxlate was 
! ' 

'recrystall ized frem ethanol-ether. Th~eë crops of q:ystals were isolaterl; 

one erop of pure 5-ethyl glutamate'HCl (2.39 'g, m.p. 166.5-167.50 C. 

lit.222 170-170.5°C), one CI:Op of starting materia1 (1.25 g) am the final. 

cr op which "consisted of approximatel~' 63% 5-ethyl glu~amat~'OCl' "(2.ào g, 

by T.L.C. and 1H- N•M•R.). The yie1d (67%), was calculated by ~he addition 

of the (?roportion of the product in the crystalline mixture (1.86 g) and 

the . pu:re product. 

yield was 92%. 

After accounting fo:r recover$3 startitl;J material, the 
" , 

The iso1ated yield of pu:re compound was" 3-8%; after 

accounting for the :recovered starting material, , the isol ated yield was 

52%. The spectral eharacteristics of the compound are; 

:T .. -1 
l .R. (KBr) : \)'=2952, 1725, 1603, 1426, 1212 an • 

IH-N.~.R. (CD30D:D.20, 2:i, v;';): ô =1.28' (t, 3Hr CH~~ J=7.0 Hz) 1 

?O-2.8 (m, 4H, CH2CH2 ), 3.98 (t~ 1H, CH2(NH3)f!:!COO, J=6.0 ~) Ar . , 
4.20 (q,' '2H, CH2CH3' -1,=7.0 Hz), 4.77 ppru (s, 3H; NH3C1). 
'+ '+ M.S.m\/~157 (4%, M -HC1-H20)., 130 (57%, M -HC1-COOH), 

84 (94%. CHCOOCH2CH/l. _(\ 

Senzyl l2-hydroxydodecanoate (51) 

To 12-hydroxydodec'ëmoic acid (0.555 g, 2.57 ~Ol), dissolved..in dry 

.. 
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tetrahydrofuran (12 mL), was added chlorotrimi\hylsilane (O.7tnL, 5.5 

nmol) and benzyl aleohol (1.0 mL, 9.7 nmol). The reaction was stirred for 

48 h under an argon atmosphere at room tempe r ature. 

The sol vent was removeà under reduced pressure to gi ve 0.822 g of 

crude product. A quanti ty of 0.142 g of the erude mixture was submi tted 

to flash chranatography (7:1 hexanes-ethyl acetate, v/v), to give 0.102 9 

of a mixture of the benzyl ester am the benzyl ether (81: 19). These were 

Inseparable by normal phase chromatography; flash, T.L.C., preparati ve 

H.P.L.C.. The yields of the two products were determined by 1J-N.M.R. to 

he 61% for the benzyl ester arXJ 14% for the benzYl ethe,):". 

I.R.(neat): v=3360, 2920,2843,1725, 14S3, 1368, 1174, 1018 cm- l • 

Benzyl ester: 

1H-N.'M. R. (CCCl 3) : ô =1.0-1.9 (m, 18H, HOCH2 (.9!:!2) 9) 1 

2.1-2.4 (m, 3H, CH2C02 + OH), 3.57 (t, 2H, HOCH2' J=6.0 Hz) , 

4.63 (5, 2H, C6HSCH20), 7.30 ppm (5, SHarom)' 

Ben2Yl ether: 
1 ' 
H-~.M.R. (CCCl 3) : ô =1.0-1.9 (m, 18H, H02CCH2 (CH2) 9) , 

2.1-2.4 (m, 2H, H02CCH2)' 4.10 (t, 2H, 'C6HSCH2OCH2' J=7.2 Hz), 

5.07 (5, 2H, C6HSCH20) 7.30 ppm (S, SHarom)' 

M.S.:m/z=120 (2%, C6H5CH2c:x:a+), 1080 (8S%, C6HsCH20H~, 

107 (77%, C6H5CH20+), '~e:: C6HSCH2 +r, 79 (86%, 

77 (64%, C6"5 +), 65 (12%,' C +), 51 (33%, C4"/)· 

# 

Cyc10hexyl Hippurate (52) 

Hippuric acid (0.90 g, 5.0 rnmo1) was diss01 ved in cyc1ohexanol (15 

mL) under an argon atmosphere.· Ch1orotrimethylsilane was added (1~4 mL, 
-

11orO. rrmol) and the reaction was stirred for 24 h at room ta:nperature. 

Most of the cye1ohexanol was ranoved at 80°C using a high vacuum (1 

torr). '!he product spontaneously crystallized out. Hexanes were added to 

~ • the residue an::l m~re erysta113 precipi tated out. 'l'he sol id was fil tered 

• 

fram the hexanes-cye1ohexanol solution, rinsed with hexanes and the solid 

was recrystallized (m.p. 101°C, lit.330 10S°C);:-tran hexanes-ethyl aeetate 
..... ,1 , 

to gi ve 1.31 9 of the ti tle compourrl in 84W: Yiél:d. ~' 

205 



~J 1 

, 

.f ..... 

I.R'(~3»:V =3436, 3000, 2939, 1728, 1658, 1576, 1519, 1481, 

1446, 1380, 1358, 1222 cm-1• 

IH-N.M.R. (CDCl3): 8=1.1-2.1 (m, 10H, -CH (Q!2) S-) , 

4.19 (d, 2H, NHCH2 , J=5 Hz), 4.86 (m, lH, -.9:!(CH 2) 5)' 

6.81 (bs, 1H, NHCH2), 7.3-7.6,'7.7-7.9 ppn (m, SHarom)· 

M.S.:m/z::261 (1%, ~), 180 (26%, ~-C6H9)' 162 (15%, M+-OC6Hn), 

134 (68%, W-C02Ct;Hll)' 122 (17%, ~ -CSHSCONH2) 1 

119 (26%, ~H5~)' 105 (100%, ~H5CO+), 83 (55%, ~H11+)' 

77 (50%, C6HS+)' 

Benzy1 hippurate (53) 

Il 

"'" 

Hippurie acid (benzoyl glyç:ine, 0.45 g, 2.5 nunol) was dissolved in 
.... 

dry tetrahydrofuran (40 mL) under an argon atmosphere. Benzy1 a1eohol 

(0.8 mL, 7.7 rrmo1) arrl chlorotrimethylsilane '(0.7 mL, 5.5 mnol) were added 

and the reaction stirred at roem temperature for 18 h. A further 0.7 mL 

of ch1orotrimethylsi1ane was added arxl the reaction was ref1uxed for 24 h. 

The sol vents were removed Ù1. vaCUD ta 9 i ve 1.03 9 of the erude 

prOduct. A quantity of 0.162 9 of the erude resipue was submitted ta 

flash ehranatography (3:1, hexanes-:ethyl aeetate, v Iv) to gi ve 0.071 9 of 

the pure product in 65% yield. The spectral characteristics of the 

canpourxl are; 

I.R.(neat):v ::3308,2926,2846,1758,1644,1537,1453,1403, 

. 1376, 1203 cm-1 • ~ 
. 1 

lH-N.M.R.(COC13): 8::4.17 (d, 2H, NHCH21 J=5.0 Hz), 

S.14 (s, 2H, C6HSCH2)' 6.7,8 (bs, 1H, NH), 7.28 (s, SH, .s6.!!sC~, 

7.2-7.4,7.6-7.8 ppm (m, SH, C6HSCO). 

M.5.:m/z=269 (S%, M~, 162 (13%, M+ -<Xli2C6HS)' 149 (24%, M+ -C6HSCONH) 

135 (44%, C6HSCH2OcO+), 134 (40%, C6HSCONHCH2 +), c 

105 (100%, <;;HSCO+), 91 (69%, C6HSCH2+)' 77 (66%, C6HS+)' 

a -Trimethylsilylethyl 12-hydroxydodecanoate (54) 

l2-Hydroxydodeeanoic acid (0.54. g, 2.5 mmo1) was dissol ved in dry 

tet,t:~~rofuran (12 mL) 1100er an argon atmosphere. Chlorotrimethylsilane 
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(0.7 mL, 5.5 mmo1) and 2-trimethy1sily1ethano1 (1.0 mL, 8.5 mmol) were 

addeà and the reaction was stirred at ref1~x overnight. More chloro­

tn.methy1silane (1.4 mL" 11.0 rrmol) was addErl aoo the reaction stirroo for 

a further 48 h at refl ux. 

All low boil ing rnaterials were removed umer reduced pressure to gi ve 

0.77 9 of a erude product. A quanti ty of 0.14 9 of the residue was 

"submitted to flash chromatography (3:1 hexanes-ethy1 acetate, v/v) to give 

0.11 9 of the pure title compound. The total yie1d was 73%. However, 

when reeovered 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 cm-l. 

IH-N.M.R. (CC1 4): ô =0.10 (s, '9H, SI (CH3) 3)' 

0.97 (t, 2H, OCH~Sl, J=8.0 Hz), 1.35 (bs, 1aH, (CH2)9) , 

2.21 (t, 2H, CH2CO, J=5.0 HZ), 2.25 (S,/H, OH), 

3.52 {t, 2H, CH 20H, J=5.0 Hz), 4.10 ppm (t, 2H, OCH2CH2Si, J=8.0 Hz). 

C17H 36<\3S1 cale.· C 64.50 H 11. 46 

(316.6) fourd 64.46 11.43 

B-Trime'thylsilx:1ethyl H1ppurate (55) / 
1 

Hlppurie aCld (benzoyl glycine, 0.37 g, 2.1 mmo1) was dissol ved ln 

dry tetrahydrofuran (40 mL) under an aJgon atmosphere. 2-Trimethy1silyl­

ethanol (0.6 mL, 5.1 mmol) and chlorotrimethylsilane (0.7 mL, 5.5 mmol) , 

were addfd and the reaction stirreâ at roam temperature for 18 h. 

Additional ch1orotrimethy1s11ane (0.7 mL, 5.5 mm61jwas adàeà and the 

reactian stirred a further 24 -ho 
< ' 

The sol vents were evaporated under rêduced pressure to gi ve 0.98 9 of 

erude product. A quanti ty of 0.13 9 was sut:mi tted to flash chranatography 

(2:1 hexanes-ethy1 acetate, v Iv.) to gi ve 0.07 9 of pure ti tle COOlpound in 

98% yield. The spectral clat~e canpouoo are; 

1.R. (a:::::1 4): v=3348, 2956, 1743, 1650, 1538, 1251, 1183 on-le 

1H-N.M.R.(CDCl3):6 =0.05 (s, 9H, Si(CH3)3)' 

1.00 (t, 2H, OCH~Si, J=8.0 Hz), 

4.04 (t, 2H, NHCH2 , J=4.8 Hz), 4.20 Ct, 2H, OCH2CH2Si, J=8.0 HZ) • 
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7.1-7.4,7.6-7.8 ~il (m, Haram)' 

M.S.:mlz~193 (~-(CH iH), 162 (8%, ~-CH2CH2Si(CH3)3)' 

134 (14%, ~ 2CH2Si (CH3)3) , 105 (88%, CGHSCO+), 
77 (57%, ,<;;Hfj+) 1 73 (100%, Si (CH3) /). 

C14H21N03Si cale. C 60.18 H 7.58 N 5.01 

(279.41) fouIXI 60,06 7.67 5.07 

1 

Esterification with 2,2,2-trichloroethanol 

l2-Hydroxydodecanoic acid (0.540 g, 2.50 mmo1) was~so1 ved in a 

solution of 2,2,2-trich10roethan01 -(1.0 mL, 10.4 mmol) ap~ anhydrous 

tetrahydrofuran (11.0 mL) under a nitrogen atmosphere. Chlorotrimethy1-

si lane (0.7 mL, 5.S mmol) was added and the reaction refluxed overnight. 

More ch10rotrimethy1 si lane was added at 12 h (0.6 mL, 4.7) and at 36 h 

(2.1 mL, 16.6 rnmol). 

The sol vents were removed bt va.c.u.o to gi ve 0.792 9 of a residue. 

T.L.C. analysis showed in' excess of '"16 compounds. The residue was 

sul:xnitted te flash chromatography (3:1 hexanes-ethy1 acetate, v/V) but it 

proved impossible to iso1ate any pure canpourrls. 

P -Ni t:tobenzoic acid (0.835 g, 5.00 mne1) was dissoI ved in anhydrous 
-

tetrahydrefuran (40 mL) under a nitrogen atmosphere. Chlorotrimethy1-

silane (1.4 mL, 11.0 mmol) and 2,2,2-trichloroethano1 (1.0 mL, 10.4 mmol) 

were adderl and the reaction stirrro at roon t~re for 24h. 

The sql vents ~re removro umer :r;educed pressure. The residue was 

extracted wi th ether (2 x 50 mL) and washed wi th a 5% aqueous' spdium bi­

carbonate solution (2 x 20 mL) and "the combined extracts dried over 

anhydrous MgS04• 

isolated. 

After evaporation, 0.726 9 oÉ'" starting material was 

,Benzoic acid (0.61 g, 5.0 nuno:},) was dissolved in anhydrous tetra~ 

hydrofuran (20 mL-) under 'ân argon atmosphere. Chlorotrimethylsilane (1.4 

mL, 11.0 mmol) and 2,2,2..:.trichloroet?anol (1.0 mL,-~O.~ rnmol') were a~ed' 

arrl the reaction refl uxerl overnight. 

The solution was diluted with ether (2,x 75 mL) and ~xtracted with a 

5% aqueous sodium bicarbonate solution (2 x 25 mL). The combined ex tracts 
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were dried over anhydrous MgS04. After evaporation of the sol vents, only 

benzoic acid was isolated • 

• 
The Formation of t-Butyl Esters 

The following sets of reaction candi tions were tried in the hope of 

making t-buty;J. esters fram ,t-butanol and a carboxyl ic acid. The 

conditions for the reactions are listed below; 

(a) C6HSC02H, (1 eq), Me3SiCl (2.2 eq), t-butanol 

(sol vent -100 eq), room tanperature, 48 h. 

(b) same as (a) except 1000 C, 48 h. 

(c) ~H5CONHCH2C02H (1 eq), Me3SiCl (2.2 eq), t-butanol 

(sol vent -100 eq), roan tanperature, 24 h, 100oC, 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 wi th a 5% aqueous 

bicarbOnate solution. 'Ibe t-butyl group cannot, apparently, be introduced 

using {-butanol in the presence of chlorotrimethylsilane. 

Transesterification 

Ethyl gluta-nate 

Methyl glutamate·HCl (0.16 g, 0.81 mmol) was dissolved in absolute 

ethanol (30 mL) under an argon atmosphere. Chlorotrimethyl~ilane was 

added (0.3 mL, 2.73 muaI) and the reaction was stirred at rocm temperature 

ovemight. 

Q The sol vents WlE!re rerooved ln. va~uo to gi ve 0.178 g of crystal 1 ine 

material. IH-N.M.R. analysis showed the presence of starting malter ial 

(47%), 5-rnethy1 g1 utamate (42%) l 'tand the 1,5-diethy1 ester (11%). For 

spectral characteristics of the former two, see the experimental section 

of esters. The IH-N.M.Re spectral data for the l,S-diethyl glutamate"fiCl 

are; 

l --
H-N.M.R. (CD30D) : 0 =1.19 (t, 3H, H3NCCOOCH2CH3' J=6.8 Hz), . , 

1.26 (t, 3H, 3!3CH202CCH2CH2' J:::7.0 Hz), 2.1-2.9 (m, 

4.1-4.5 (m, SH, CH3cH202œH20i2HC(NH3)C02CH20i3)' 

5.30 ppm (s, 3H, NH 3) •. (' 
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Methy1 glutamate 

/ 

Ethy1 glutamate'HCl (0.125 g, 0.59 mmo1) was dissolved in abs(,Hute 
f 

methanol (50 mL) under an argon atmosphere. Chlorotrimethy1si1arte was 

added (0.3 mL, 2.37 nunol) and the reaetion was stirred overnight at room 

temperature. 

The sol vents were remov~ in va.c.u.o to gi ve 0.129 g of erude 

material. 1H- N•M•R• analysis indicated the 5-methyl (90%) and the 1,5-

dimethyl gl utamates (10%). Spectral characteristics are gi ven in the 

experirnental section of Esters ( vJ.,de. .6 u.pJ!.a. ). 

i..6 0 -But yI acetoacetate 

Methyl acetoacetate (0.58 g, 5.00 mmol) was dissol ved ~n anhydrous 

i..6 0 -butanol under an argon atmosphere. Chlorotrimethylsi lane (1.4 mL, 

11.0 mmol) was added and the 'reaction was stirred for 2 days at room. 

temperature. 
î 

The solution was extracted with ether (150 mL) and washed with water! 
~ 

(20 x 200 mL). The ether sol ution was dried over ~nhydrous MgS04" The ~ 'î 
ether was removed. uroer redueed pressure am the residue was sul:mitted to i 

fl ash chranatography (9: 1 l)exanes-ethy 1 acetate, v Iv) to gi ve O.Ù2~ g-~o.t~_ --- ~l 
the .L60-butyl acetoacetate ester in 56% yield. ; 

• 1 I.R. (neat): \) =2963, 1740, 1718, 1643, 1466, 1408, 1357, 1314, 

1147 an-1 . 

IH-N.M.R. (CDCl3): 15 =0.94 (d, 6H, HC(CH3) 2' J=6.5 Hz), 

1.96 (m, 1H, H2CCH(CH3) 2)' 2.28 (s, 3H, CH3CO), 

3.46 (s, 2H, CH3COCH2CO), 3.93 ppm (d, 2H, .Q!2CH(CH3) 2)' J=-6.S Hz). 

M.S.:m/z=158 (1%, M+), 115 (5%, M+ -CH3CO), 103 (35%, M+ -Œ3COCH2) , 
• +' . + 

85 (66%, M -oeH2CH(CH3)2)' 73 (7%, CXl12CH(0i3)2)' 

The Attempted Transesterificati n of Methy1 12-Hydroxydodecanoate, 

Methyl B9nzoate a Methyl Phenylacetate 

Methyl 1~-hyd'roxydodecano1te, (41).() (1.08 g, 5.00 nmol) was disso1ved 
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" in a solution of p-nitrophenol and tetrahydrofuran under an argon 

atmosphere. O'llorotrimethylsilane (1.4 mL, 11.0 rrmol) was added am the 

reaction stirred at roan tanperature for 12 h. 

The reaction by T.L.C., IH-N.M.R. and G.L.C., showed only the ,_ 

presence of starting materials and the reaction was therefOre judged a 

failure. 

G.i..C. : 10' 5% OV-IOI on ŒROMOSORB W,'" IS00C: 

, C6HSC02CH3 

P -N02C6HSOH 

Reaction mix 

RT:=1.64, 

RT=8.S0, 

RT=1.67 1 8.51. 

Methyl benzoate {39} (25 mL, 2.02 nunol) was added ta a sol ution of 

benzyl ,\lcohol (0.5 mL) and ,anhydrous tetrahydrofuran (15 mL) under a 

nitrogen atmosphere. Ch10rotrimethy1silane (0.5 mL, 3.9 mnol) was added 

arrl the reaction was stirred for 3 h at rocm tanperature. 

The sol vents were removed in va.c.u.a and the residue submi tted to 

flash chrornatography (3:1 hexanes-ethyl acetate, v Iv) -ta gi ve 0.21 9 of' 
o 

recovered rnethyl benzoate and 0.13 9 of benzyloxytrimethylsilane. The 

spectral data for the latter canpoum are; 

lH-N.M.R. (CDCl3) : 6 =1.03 (s, 9H, (CH3) 38i), 4.70 (s, 2H, CH2)' 

'" 7.30 ppn (s, 5Harom). 
G.L.C~:'10' 5% CV-IOl on CHROMOSORB W, ISOoc: 

CsHSCH20H 

C6HSC02CH3 

C6HSCH208i(CH3)3 

RT= 1. 3i> min, 

RI'= L 67 min t 

RT=2.04 min. ---
Methyl phenylacetate (46) (0.-325 g, 2.43 .ltIlJlo1) was dissolved in dry 

benzyl a1cohol (25 mL) tu1der a nitrogen atmosphere. Chlorotrimethylsilane 

was adde:i (0.75 mL, 5.92 Imlol) , arrl the reaction sti1::red overnight at room 

tenperature. 

Three ~pots were observed with T.L.C. corresponding to the starting 

mater:ials and a new spot. Isolati.on of rthe new'compoùnd wag'-achieved 

using preparati ve H.P.L.C. (33: l, pexanes-ethyl acetate, v Iv) to gi 'le 

0.384 g of dibenzyl ether in 65% yield based on the amount of tdmethyl-
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chI orosi lane usa:3. 

, 

I.R. (neat): v =3085, 3M2, 3030, 2859, 1494, 1451, 1358, 1264, 

1208, 1091, 1069, 1023 an-le 
1 1 

H-N.M. R~ (cr:x:13) : Ô =4.48 (S, 4H, 2x (Q!2C6HS» , 

7 .30 ppm (s, 10H, 2x (CH2,Ç6.!!S))' 

.M~S.:m/~=1.7 (42%, OCH2C6H5+); 91 (100%, CH2C6HS+)' 

Rate Study in ~ Formation ' 

Benzoic acid (0.244 9, 2.0 mmol) was a:3ded (-:=0) to a solution of 

c:llorot:lmethylsi 1 ane (C.5 !TIL, 3.9 mmol) and methanol (10 mL) unàer an 
argon atmosphere. Tne reaction was followed wi th G.L.C. over a 48h period 

by lnjecting l ].J L. 
", 

The same esterificatlon was carried out with eatal,ysls by methanol lC 

HCL A quanti ty of methanoi (10 g) ~as 'saturated wi th anhydrous hydrogen 

enlonde. ,The weight of the solution inereased to 12.7 g. This acidlc 

S01utl0:1 (0.68 g, 0.4 ml, 4.0 'rrrnol Hel) was added to an:1ydrous MgSo4 (0.25 
1 

g, 2.0 mmol) in methanol (9.6 mL). Ber.lzeic acid (0.244 9, 2.0 ~ol) was 

added and the reaction was foilowed by G.L.Co for 48 h . 

. TO normalize the errors in injection, a mean of the integrations of' 

the sol vent peaks fran the individual spectra (at tirne t) was calculated. 

The integrals of the other peaks in tl!e G.L.C. spectra were then 

. nOJ;11lalizeJ 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 (Tab~S 5.1 and 5.2) are the time of injection (sec), 
" ' .absolute integral, corr ed integral, value of [final inte<jral - integral 

(t») and the log [final integral" - integral (t)), where integra1 s tefer te 

points were fi tted uSlng a least-squares fi t to 9i ve the pseudo-first 

order rate constants of 1.47 x 10-5 and 9.25 x 10-6 for the reaction 

promoted by chlorotr imethyl silane and hyd'rogen chloride (Figure 5.1), 

respecti vel y. 
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Table 4.3:Reaction Promoted ~ Chlorotr~thllsilane 

.Time (sec) Integral Corrected Sol vent log (concr, Trimethy1si l yl 

"- Integral Integral conct) benzoate integra1 

245 0 0 484220 4.662549 433 
/' 

... 775 1725 1645.464 449610 4.646756 8772 

If 1345 3329 3376.469 422850 4.629496 12645 

1~25 \ 5364 5364 * 4.608797 13471 NA 

3185 \ 8176' 8176 • NA. 4.577712 10131 \ 

3485 \ 9569 9669. NA 4.560256 12189 ./ 
3960 846B 8468 NA 4.574351 6915 

4415 8218 B218 
1 

4.57723 4245 NA 
" 

4905 19923 19923 NA 4.415578 16044 

11005 21420 21586.27 425576 4.388033 0 

14315 23151 24616.25 403351 4.330664 0 

16540 27741 27025.38 440236 4.278934 0 

1p930 27676 28312.55 419237 4.248543 0 

17800 2949B 29746.69 425294 4.211971 0 

20265 29150 29924.17 f· 417784 4.207223 0 ( 
, ~2500 30246 31745.14 408626 4.155252 0 

85695 38428 41224.1 399790 3.684447 0 

85915 43618 44716.36 418345 . 3.129995 0 d , . 
177410 4946"5 46067.06 460514 9999 0 

* not calcu1ated 

. Average Sol vent Integral 428879.5 

Total Solvent IntegraIs, 5575433 

Nunber of data points 13 

Table 4.4:Reaction Cata1lzed ~ Hel 

Time {sec} In~e9.ra1 Correctéd Sol vent log (concr 

--- Integral 'Integral canct) 

1405 1.754 1821.827 392926 4.5.31537 
" 

4.550451' 2300 3985 3338.952 ' 487087 

( 
40130 4608 4608 NA 4.515054 

41720 4328 4867.909 362855 4.511598 

44140 5370 5943.566 368736 4.496999 
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. 45500 6836 7123.862 391629 4.480399 

"46700 8196 8852.881 377838 4.454872 

56390 12396 10362.62 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 .. 210066 
\ 

76310 2~370 22693.58 456253 4.166974 
"-

78675 26034 22894.38 464088 4.161008 

80330 20716 22060.91 383240 4.185255 

1:23525 32261 30291.51 434925 3.851534 

123900 46282 35470.81 .53,2512 3.286442 

170775 "095 ' 37407.38 382892 9999 
• 

Average ~vent Integral 408120.4' 

~o~ai Solvent IntegraIs 7754288 

Number of data pennts 19 

The other pOl!'1t of interest is the discovery of a peak of longer 

retenti on time which appeared in the s~tra takÉm between t=O aoo t=3 h, 

of the reaction promoted by TMSC1, ~ut ~ot that cata1yzed by Hel. A list 

of the injection time atè integration of this peak are l ista3 above. It 

is anticipateO that this peak corresponds to trimethy1silylbÊ!nzoate. 

G.L.C.:6' 10% aV-lOI Chromosorb 750:160oC 

,Methyl benzoate RT=1.41 

Trimethy1silylbenzoate R'}":2.17 
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Figur~ 4.6:A .!2.2! of log(concf - ~tl. veJL4LU, Time (sec) fo~ ,thOe 

Esterifications Pranoteè Èl Chlorotrirnethylsilane,~ Bygrogen Chlo~ioe 

.~. t,= HCl . 
o = TMSCI 

4.5 

4.2 

3.9 

3 •• 

3.3 

3.0 

40 0120 
, , 

Mechanistic Study of Esterification in the Presénce 2! 
Chlorotrimethyl5ilan~ 

Benzoic acid (0.3780 g, 3.098 nunol) was disso1 ved in a mixture of 

tetrahydrofuran (5 IDr.) and d6-acetone (1 J!lL) und~~ a ni tfogen atrnospheie. 

Chlorotl:imethylsilane was added (0.89 mL, 7.02 mmol) and the reaction 

stirred for lh. The 29Si-N~M.R. spectrurn'was observed 'Using the INEPT 

pulse sequence. Methanol {'D.l3 mL, 3.21 mmol} was added and the silicon 

spectrln again observed. lH-N.M.R. anal y5is of the f~nal reaction mixture 

showed the presence of methylbenzoate. 

Sodium benzQp.te (2.00 g, 13.88 nmol) was suspeooe:l in tetrahydrofuran 

(23 mL) under a ni trogen atmosphere. chlorot~imethylsilane (3.45 mL, 

26.23 nmol) was added am the reaction stirred overnight. A 5 mL aliquot 

was dilute~ with d6':"acetone (1 \~L)' and the 29Si-N.M.~ spectrum taken 

using the INEPT pulse sequence. Methanol (0.14 mL, 3.45 ramol) was àdded 

2lS 

a 



and the spectrum was again taken. IH-N.M.R. showed the presence of methy1 

benzoate. 

4-Hydroxybutyric acid (84) 

ô-Butyrol'actone (.!!ï) (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, 10 OtomL) • 

'l11e reaction was stirred overnight at roan temperature. GeL.e. analysis 

showed the absence of any starHng material. 
• 
The solution was extracted wi th ether (2 x 100 mL) am washed wi th a 

5% aqueous sodium bicarbonate to ranove the Methanol. The ether ex tracts 

were discarded. The aqueous layer was acidified to pH 6 (wet alk-acid 

paper) with l N aqueous hydroch1oric acid. The aqueous solution was then 

extracted wi th ether (2 x 150 mL), washed wi th water (2 x 50 mL) and' brine 

. (2 x 25 mL), and the cornbined extracts were dr ied over anhydrous MgS04' 

'!'he ethe:t= was ranoved in va.cuo to .give 0.29 g of the title canpound in 

15% yield. The spectral data of the canpouoo are; 

• I.R. (neat): v=3360, 1710, 1395, 1254, 1054 an-le 

G.L.C.:5% OV-101 on ~OSORB 750, 1S0oC: 

-CH2COO(CH2)2- RT=1.64 min. 

HO (Œl2) )COOH .RT=1.89 min. 

Ô-Butyro1actone (85) 

4-Hydroxybutyric acid (a4)(0.1986 g, 1.910 rrmol) was disso1ved in dry - , 
tetrahydrofuran (25 mL) under an argon atmosphere. Ch1orotrirnethy1si 1ane 

was added (0.7 mL, 5.5 Inno1) and the reaction stirred at roan temperature 

for 1 h. 

The brown solution was filtered through coarse silica gel. The 

si l ica was washed wi th carbon tetrach10ride (2 x 5 mL) and the combined 

fi l trates were evaporated undex reduced pressure to gi ve 0.951 g of the 
. , 

ti Ue canpound in 50% yield. The spectral characteristics of the canpouoo 

are; 

I.R. (Œ14) : v =1773, 1461, 1422, 1162, 1034, 990 an-le 
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IH-N.M.R. (CCl4): ô==2.1-2.5 (m, 4H, OCCH2CH2)' 

4.1-4.4 p~ (m, 2H, OCH2). 

G.L.C.:5% CV-lOI on ~SO~ 750, l50oC: 

HO (CH2) 3COOH Rl'=L89 min. 

RT=1.64 man. 

Isolation r of ! Si 1 yI Ester ~ the ,Reaction of ! Carboxyl ie ),cid Wi th· 

, Chlorotrinlet.~ylsilat13 (86) 
'" 

, 
12-Hydroxydodecanoie acid (l.08 g, 5.00 rrmol) , wa5, suspended in tetr,a-

hydrofuran (40 mL) urx1er an argon atmosphere.' Ch10rotrimethylsilane (2.8 " 
o 

mL, 22.0 nmol) was added and the reaetion was refl uxed for 18 h. 
~ , 

The sol vents were ranoved 1..11. va.uc.u.o arF the residue was susperoed in 

anhydrous ether, filtered through silica gel, and the solvents were 

ranoved UI'Çer reduced pressure to gi ve 0.62 g of the trimethylsily1 ester 

contaminated wi th the starting acid. 'l11e spectral qata for the este; are 
o , 

as fo11ows; 
.J 

,I.R. (neat) : \l =34,42, 

I H- N•M•R• (ax::13) : ô == 

2.'21 (t, 2H, CH2 

2869, 1719, 1248, 1092 an- 1• 

21 ,(s, 9H, Si (CH3).,), 1.2 (bs, 2lH, .!!QCH2(Q!2)10)' 

3.46 (t, 2H, CH20H, J;;:6.0 Hz)q, 
c 

Oxidation ~ Cyc1 ododecanone, (87) 

.' 

Cyc1ododecanone (0.4603 g, 2.525 nunol) was dissol \l'ed in me-t;:hylene 

chloride (25 mL) under an a;gon atmosphere. m-Chloroperben'~Oic aci~ 
(0.7161 g, 4.149 rrm<?l) was, added aM the reacti0n was refluxed overnight. \ 

The reaction was quenched wi th a 5% aqueous biearbona~ sol utionl'o, 

extracted wi th ether (2 x 70 mL), washed wi th brine (2 x 10 mL) and the 

cornbined ex tracts dried over anhydrous MgS04. The sol vents. were renoved 

and the residue submitted to flash chromatography (10:1 hexanes-ethyl 

acetate', v/v) to give, after evaporation, 0.270 9 of the 13 membered 

maerolide (!1.) in 54% yield. The spectral data for thi s compound are 

deseribed in the following experimenta1 procedure. 

J 
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1,12-Dodecano1-ide (87) 0 

l2 .... Hydroxydodecanaic acid (0.2,17 g, 1.00 mmol) was dis~ol ved in a 
o 

solution af toluene (40 mL) ark3 p-to1uenesu1fonic add monahyàrate (3.073 

g, O.~8 I1IIlOl). After 4 h at a bath' tempeiature wh~ch just al10wed reflux 

comi tions to a, Dien-Stark trap, no startill3' material' r~ined as judged 

by T.L.C •• 

'!'he tol uene was ranoved urrler reduced pressure arrl of the O.~19 9 af 

cr~de residue, 0.140 9 was _sul:lnlJ.tted ~o' flash chromatography (3:1, . , 

hexanes-ethyl acetate, v/v) ta gi ve two compounds of widely different 

polari ty. The less polar materia1 (0.064, g, 70% yield) was detenuine:'i by 

mass spectral analysis ta be the dodecanoliàe (!I), and 'the more polar 

materia1 (0.31 g, 18% yield), the diolide (88). The spectral datà for the 

. canpourXls are; 

Monolide 

I. R~ (CC1 4 ) : \) =2928, 2856, 1734, 1455 àn:-1 • 

1H- N•M• R• (CDCl3) : ô =1.O~2.0 (m, 113H, (CH2) 9)' 

2.32 (t, 2H, CH2CO,' J=6.0 Hz) t' 4.09 ppm ,(t, 2H, CH20, .1=5.0 HZ) • 

M.S.:m/z=153 (6%, ClOH1;O+), 1~1 (12%" ClOH150~, 
139 (12%, SlH1S0+),' 1:37 (13%, ~H130+~;, '12S (28%, ÇgHIJ,O+)' 

123 (27%, C8H110~; 111 (38%, C7HUO+), 109 (48%, C7HgO+), 

fn (70%, C6HgO+), 95 (50%, C6H70+), 8S {62%,' CSHgO+) , 

, 83 (7~%, CSH70+), 81 (S9%, ,CSHSO+), 71 (100%, C4H70+)" 

". 69 (87%, C4HSO+)' 67 (4i%,P4H30+), 57 (90%, C4H9+)', 

55 (8'5\, C4.5l7~)' 43 (10q% ~ CH3CO+). 
" " Oiolide 

, , . 
I-R. (CHe13) : \) ,,2930, 2856, 1742, 1462 an-1 • 

lH-N.M.R. (crx:::l3) : ô ::1.04-1.80 (m, 36H, (9:!2) 9OCOCH2 (CH2) 9) '. 

" 2.29, (t, 2H, 2,x CH2<700CH2' J=6.0 Hz) , 

. 4,.04 PFm (t:, 2H, 2 x CH2C00S!!2' J=6.0 HZ). " .-. 

M.S~:in;~396 (2%, ~, 378 h~%, "M+ -H~O), ·241 (17%, M+ -OCO(Of2>70f) , 
. + + ' '. 

199 (28%, M -OCO(œ2) 1OCH),' 1131 (2~%,' 199 -H20)" 

97 (61%, C6H90+), 83 (58%, CSH70+), 69 (50%, C4HSO+). 
, . , 

• 

" 

.. 

• 
" 
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Attempts Towards the ~thesis of OXoesters ~ Thioester 

12-Hyàroxyèodecanoic Acid 

12-Hydroxydodecanoic acid (0.504 g, 2.33 mmol) was dissol ved in a 

solution of tetrahydrofuran (15 mL) and thiophenol (0.8 mL, 7.8 rrrool) 

1,lOOer an argon atmosphere. Chlorotrimethyl silane was adda:3 (0.7 mL, 5.52 

nmol) and the reaction stirred àt reflux overnight. 

There 'HaS a decréased sol vent volLme (to -10 mL). The sol vents were 

ranoved uroer re:iuced pressure, dissol ved in ether aOO fil tered through 

Cel i te. After removal of the sol vents ..Ln. va.c.u.o , 0.816 g of a crude 

residue was obtained. T.L.C. analysis indicatlild a mul ti-component 

mixture. A quantity of 0.204 9 of this residue was sul:mi tted to gradient 

flash chromatography (100 mL each of 9:1, 3:1 and l:l.hexanes-ethyl 

ac;;etate, v/v). Three cc:mponents were isolated consisting of the monaner 

, (87) (0.017 g, 8% yieldi the dimer (~) (0.016 g, 9% yield) and a more 

polar group of compounds (0.016 g). Rinsing the col umn wi th methylene 

çhloride yielded a further (0.035 g) of polar, lactonic material. Eac~ of 

the two less polar canpoums was contaminated with seme of the more polar 

compounds. The law yie1d c1ear1y results fram incamplete reaction. lH_ 

N.M~R. analysis indicated" the pre:sence of a large amount o,f unreacted 

starting material which was subsequ~ntly trapped on the sil ica col umn. 

For the spectral characteristics of the monomer and dimer see 1,12-

dodecanolide (vide. b UPJLa). 
. " 

:. Phenylacetic acid .(1.40 g,' 10.3 muaI) was dissol(va:3 in a . solution of 

thiophenol (4.6 mL, 44.8 ramol) and anhydrous tetrahydrofuran (250 mL). 

Ch1orotrimethylsilane (5.7 mL, 55.0 Imlol) and 2,2,2-trichloroethanol were 

adQed am the reaction was stirred at reflux for 48 h. 

~e reaction was quenched with a satu~ated aqueous solution of NaHC03 
(100 mL}, extracted wi th ether (2 x 100 mL) and washed wi th brine (2 x 50 

mL). The combined extracts were dried over anhydrous MgS04 and after 

fi 1 tration the sol vents were removed in va.c.u.o. The residue was 

dissolved in hexanes aro filtered through silica gel to give thiophenol 

ànd 2,2,2-trichleroethanol. Phenylacetic acid was washeà off the silica 

gel with methanol. Nb ether materials were detected. 
~ 
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Thioesters 

Benzoic acid (0.606 g, 4.97 mno1) was disso! ved in a sol ution of 

tetrahydrofuran (15 mL) and thiophenol (2.0 mL, 19.5 nunol). ChI oro­

trimethylsilane was OOdeà (1.4 mL, 11.0 nmol) and the reaction stirred at 

refl wc for 24h. -

The sol vents were removed -i.n va.c.uo to gi ve only the starting 

material. 

Benzoic acid (0.612 g, 5.02 'nunol) was dissoi ved in a sol ution of 

tetrahydrofuran (35 mL) and benzyl thiol (2.0 mL, 17.0 mmol). Chloro­

trimethylsilane was added (1.4 mL, 11.0 mool) and the reaction stirred at 

reflux for 24h. 

The sol vents were removed -i.n va.cuo to gi ve only the startin,g 

material. 

12-Hydroxydodecanoic acid (1.059 g, 4.903 mmol) was dissol ved in a 

solution of tetrahydrofuran (20 mL) arX1 benzylthiôl (0.65 mL, 5.54 nmol) 

urXier an argon atmosphere. Ollorotrirnethylsilane was added (0.7 mL, 5.52 

mnolt am the reaction was ref1uxed for 24h. 

The sol vents were removed 1.n va.cuo and subÏti tted to gradient flash 

chromatography (100 mL each of 3:1, 1:1, -1:3 hexanes-ethyl acetate, v/v 

and 100 mL each of ethyl acetate, and Methanol). The ooly is01ated 

products were benzy1 thiol and 12-hydroxydodecanoic acid. 

Sebaeie acid (1,10-decanedioie acid, 1.005 g, 4.967 mnol) was 

dissolved in a solution of anhydrous tetrahydrofuran arxi benzy1 thiol (2.0 

mL, 17.0 muol) umer an argon atmosphere. Chlorotrirnethylsilane (2.8 mL, 

22,0 mmol) was added and the reaetion stirred overnight at room 

temperature. 

The sol vents were removed Ln vacuo to gi ve 1.150 g of a erude 

residue which by lH-N.M.R. was determioed to be the starting' carboxyl le 

acid contaminated with bënzyl thiol. ~' " 

Al ternati vely, sebacic acid (1.014 g,i 5.012 umol) was dissel ved in a' 

sol utien 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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mno1) was added am the reaetion ,1:~tirred 0 ernight at roan tanperature. 

The sol vents were remo'led -Î..YI. ·vac.uo 0 gi 'le 1.121 9 of a residue 

whieh was detennined by 1H-N.M.R. am T.L.e. to bè the starting carboxyl ie 

aeid contaminated wi th thiophenol. 

Reaction of -carbolCy1ic Açids wi th A1cohols 
, . 

(in the Presence of Silicon Tetrach1oride) 

Ethy1 Pheny1aeetate (56) 

Pheny1acetic acid (1.36 g, 10.0 mmol) was dissolved in absolute 

ethanol (20 mL) under a ni trogen atmosphere. Si l icon tetrach10ride (0.65 

mL~ 5.7 mno1) was added W the reaction stirred for 1.5 h at roan te:nper­

ature. 

The sol vents were remo'led -<-YI. va.c.uo and the residue was purified by 

mesh ehranatography (hexanes) to gi 'le 1.00 g of the ti tle ccmpouoo in 61% 

yield. The spectral characteristics of the compounc1 are; 

I.R. (neat): '1) =2900, 1733, '1494, 1364, 1248, 1152 an-1 • 

1H-N.M.R. (aJCl3): ô =1.13 (t, 3H, OCH2f!!3, J=7.5 Hz), 

3.45 (s, 2H, 0I2C6HS)' 4..00 (q, 2H, 0QhCH3' J=7.5 Hz), 

7.10 ppm (s, SHaram). 

M.S.:m/z=164 (54%, M+), 119 (14%, M+ -OCH2CH3)' 91 (100%, œ2~H5 +). 

~heny1acetic acid (0.6'1 g, 4.93 mn?l) was disso1 'lad in a solution of 

benzyl thiol (1.0 mL, 8.5 rmnol) and methylene chloride (25 mL) under an 

argon~sphere. Silicon' tetrachloride (0.6 mL, S.24 muol) was added and 

the reaction was stirred at room tanperature o'lernight. 

The sol vents were re:noved -<-YI. va.c..uo arx:l the residue was extracted 

with e~er (2 x 75 mL). The cloudy solutlon was Washed with a 5% aqueous 

solution of KOH (3 x 30 mL, generating a floccu1ent white precipitate), 

washed with brine and the combined ex tracts were dr~ed over anhydrous 
\ , 

MgS04. After the. ranova1 of sol vents urXier reduced pressure, only benzyl 

thi~1 was iso1ated. 
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Phosphorous Esters . 

y 
Phenylphosphonic acid (0.782 g, 4.95 umol) was diss01ved in rnethanol 

(25 mL) umeJ: a nitJ:ogen atmosphere. Chlorotrimethylsilane (2.8 mL, 22.0 

nmol) was added and the reaction stirred at roan, temperature. 

A(ter eh, an al iquot of 5' mL ~ ranoved am the sol vents removed I..n 

va.c.uo 00 g1 ve the starting material (lH-N.M.R.). Similar resul ta were 
\ 

obtained wi th- al iquots r~oved at 12 h, 24 h, am 48 h. 

Di pheny 1 phosphate (0.362 g, 1.45 m'nol) was dissoi ved in methanol (25 
l ' 

mL) under a nitrogen atmosphere. Chlorotrimethylsilane was added (1.4 mL, 

Il.0 nrnol) aoo the reaction stirred at roan temperature. 

After 14 h, the sol vents were removed -in va.c.uo from a 5 mL 

aliquote lH-N.M.R. indicated only the presence of starting material. 

Starting material was also identified after 24 h at reflux, and after the 

addition ,qf more chiorotrimethylsilane (4.2 mL, ~3.0 mnol) and a further 

l 24h at refl ux. 1 

Diethylphosphate (0.105 g, 0.68 mmol) was dissoi ved in a mixture of 

methanoi (15 mL) and tetrahydrof~an (25 mt.) umer a ni trogen 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. lH-N.M.R. spectro­

scopy did~rmit the identification of any component in the mixtur7• 
".--- ---/'/-~ 

/'-

SILYL ~ ETHER CONDENSATIONS 

, STARTING NUCEOPHlLES AND ELEX:'I'ROPHILES 

'Methyl 3-trimethylsi loxybut-2-enoate (lOS) 

\ 

Anhydrous ZnC1 2 (2.0 g, 14.7 mnol) was suspended in dry triethylamine 

(105 mL) wi th vigourous stirring for 1.5 h under a ni trogen atmosphere. 

'lbe solution was coo1ed to OOC and rnethy1 acetoacetate (39.8 g, 0.343 mol) 

in d~y benzene (135 mL) was added. To this~solution was added 

chlorottrimethyl si 1ane (74.5 g, 0.657 mol) over a 5 min Period. THe 

\ 
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reaction was stirred overnight at 40-50°C. " 

The brown solution was added te cold anhydrous hexanes (lL) and ~e f 
precipi tated sal ts fi l tered off. Thé fi l trate had the hexanes removed ..Ln , 
va.c.!.LO, an::] the residue d~stilled (54-5S0 Cj4 torr, lit.300 67-6SoC/7' torr) 

to yield 57.2 9 of the title ccmpouoo in 89% yield. The spectral data for 

the compouoo are; 

1.R. (neat): 'V =1720, 1630, 1432, 1383, 1338, 1137, 1034 c::rn-1• 

IH-N.M.R. (COCl3) : ô =0.22 (s, 9H, Si (CH3) 3)' 

1.86 (s, O.63H, H3.~C(OSi (CH3) 3) =CHC02CH3 {Z», 

2.23 (s, 2.37H, H3~C(OSi (CH3) 3) =CHC02CH3 (E» r 

3.63 (s, 3H, C02CH3)' 5.17 ppm (s, lH, (H3C) 3S10C=CH). 

29Si-N.M.R. (decoupl ed lNEPT pul se sequence): 6 =20.09 (85%, (E) isomer),. 

19.93 (15%, (2) iscmer). 

1,3- b-i..6 - (Trimethvlsiloxy) -l-methoxybuta-l, 3-diene (lQQ) 

To a sol~t~on of d1- {.,H-prop,lallllne (l.0 mL,'7.l mmol) in dry THF 

(25~) under argon,' was added n -butylli th~um (l.S M soiution in hexanes, 

5.0 mL, 7.5 mnol) after cool ing ta DoC. The reaction mixture was further 

cooled to -780C. Methyl 3-trimethylsiloxybut-2-enoate (105) (1.10 g, 5.9' 

mnol) was added and the sol ut~on stirrÈ!d for 2 min • . ; 
The reaction was quenched with trimethylchlorosilane (1.2 mL, 9.5 

mnol). The sol vent was removeà 1;1IXler reduced pressure after a further 10 

min and the residue washed and fi 1 tered wi th cold dry hexan~s (distilled 

fran ·sodüzn). The sol vents were rernoved frem the fil trate ..Ln VdC.UO to 

give 1.42 g of 1,3-bis-(trimethylsiloxy)-1-methoxybuta-l,3-di"ene in 93% 

.yield. '!he spectral characteristics of the compound are; 

r-.R. (neat) : \1=1651, 1443, 1382, 1252 on-le 
1 - U , • 

H-N.M.~: (CDCl 3 ) : ô =0.15 (s, 9li, (CH3) 3S1), 0.19 (s, 9H, (CH3) 35i), 

3.50 (s, 3H, COOCH3)' 3.90 (d, lH, HC= 1 J=1.5 Hz), 

4.10 (d, 1H, HC=, J=l.S Hz), 4.42 ppm (s, 1H, HC=). 

29Si-N.M.R.(CD:1 3 f decoupled lNEPI' pulse sequence): 

ô ="16.16· (9H, =C (OCH) OSi (CH3) 3)' 

21.81 Pllt1 (9H, H2C=C(CH=COCH3 [05i (Cff3) 3) 05i (CH3) 3)' 

( 



l 

( 

. M.S.:m/z=260 (9%, W), 245 (64%, ~ -CH3)' 229 (15%, W -CCH3)' 

156 (30%, M+ - (CH3) 3SiH), 147 (51%), 73 (100%, (CH3) 3Si +). 

q 
1,1":'Dichloroacetophenone (24) 

j' 

In 120 mL of glacial acetic acid was placed acetophenone (48.0 g, 400 

mmol). The solution was cooled in 'an ice bath, and with stirring, dry 

chlorine gas (dried by bubbling- through concentrateà H2S04) was introduced 

for 3 h at a rate which maintaineà the solution temperature below 30oC,~ 

The bright yellow solution was poured onto 1 kg of ice. A yellow oil 

separateô out fram tne acetic acid solutlon WhlCh was distilled (89-. 
900 C/1.4 torr, Il ~.312 l32-4 oC) r:o ylelà 70.5 9 of col ou::1ess. 011 ln 93% 

yield. The spectral data are; 9 ' 

I.R. (neat) : \) =1709, 1699, 1682, 1451, 1284, 1223 an-l ._ 

IH-N.M.R.(CDC13): 6=6.71 (s, lH, CHC12)' 7.4-7.7, 7.9-8.2 ppn (m, SHaran). 

Thennal Properties of 1,3- bÙ -Trirnethylsiloxy-l-methoxv-1,3-butadiene . 

Essentially, the above experimental procedure for lQ.Q. was followed. 

The 1 i thi\.1'[\ di- ih 0 -propy 1 amidewas prepared at O°c. Fran that point, the 

50~ution'was silylated at the temperature to be tested, and the procedure 

f0:t qUenCh~' 9 the reaction and isolating' the silylated products was 1 

followed as escribed above. 'nle resu1 ting sol utions were analysed by IH­

N.M.R. spec roscopy. The yields in al i cases were over 75% based on the 
"! H-N.M.R. spectr~. The following Table gi ves the resul ts of these 

\ 

, experiments. 
( 

, ' 
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Table 5.3:Relative Proportion 2! Silylate:1 caupourds Fonned ~ Methyl 1:. 
Trimethy1siloxycrotonate ~ Various Ter!peraturesi '" 

OTMS 

Tanperature 

25 

25 

a, 
a 

-23 

-42 

:-~ 
-78 

-110 

CorXiitions 

No temperature 

control, canpourXls 

rapidly mixed. 

Temperature oon- 3 

trolled using "20 
bath, canpounis 

mixed slow1y. ** 
Rapidly mixed. 15 

Slowly mixed. 6.5 

CCl4l'C02 15 

CH3CN/C02 Il 

0i3COCHyC02 10 

0i3COCHy~ + 10 

'IMEDA. 

ether/co2 13 

TMS? îTMS~C02CI 
~"'OCH3 ,TMS 

10O-x * 

57 21 

85 

80 9 

85 
89 - 90 -
90 

87 -, 
j The % of the eno 1 ic compounds is based on the integration of the 

vinylic hydrogens. The non-enolic components were evaluated' 

usiD) the integration.· of the TMS peaks. 

* Since,TMSOTMS peak is under the C-TMS peak, thé relative % is 

difficult to dete~ine. The major portion (>90%) is the C 

silylated canpourrl.. OTMS 
** 'The solution ,contained 9% of ~C02CH3 

. ~ 

Al'though TMIrMS is present in' aIl spectra, this canpound can I?e ~sily . 

removed by purnp,ing at h~9h vacuum. For example, with the second 

entry at aOc, after 2 h ~ping at 1 torr, the rela1:i ve % of ,TMSOTMS -

dropped 'from 6.~% to 1.5%. 

. , 22S 
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2.2-Dimeth0XXPh!nYlacetaldehyde(109) 

Sodium (2.00 g, 87.0 nunol) was reacted with absolute methanol (150 

mL) at OOC umer ni trogen atmosphere. Cl, Cl -Dichloroacetophenone (li) (7.50 

g, 39.7 nmol) was added am the resulting solution sUrred for 1 h. 
. 

_ To the cloudy orange suspension was added b_r~nE:! (100 mL) and the . 
Methanol removed under reduced pressure. The aqueous residue was 

extracted wi tl? ether (3 x 100 mL) and washed wi th brine (3 x 50 mL) until 

no yellow colour was imparted to the aqueous 'layer. The com~,ned ether' 

ext~acts were <;1ried over anhydrous MgS04 am concentrated umer reduced 

pressure. The residue was distilled (72-60 CjO.7 torr, lit.313 123-

30oC/25 torr) to give 5.82 9 of a colourless ail in 81% yield. 

I.R. (neat) : \) =1745, 1451, 1242, 1069 an-le 

IH-N.M.R. (0JCl3) : é =3.32 s, 6H, C(OCH3) 2)' 7.5-7.7 , ' 
(m, SHarom>' 

9.38 ppm (s, IH, CHO). 

M.S.:mjz=180 (0.5%, M+), 151 

136 (45%, 151+ -aI3)' 121 

77 (57%, C6HS +). 

Phenylglyoxal (~) 

+' + (28%, M -CHO), 149 (4%, M -OCH3), 

(39%, <;;HSC02 +), 105 (100%, t;;HSCO~, 
\ 

\ 

Ta 2,2-dimethoxyphenylacetaldehyde (109) (1.90 g, 10.6 mol) was added 

acetone (15 mL) and concentrated hydrochloric acid (-0.08 mL). The 

reaction was stirred for 18 h at rcorn tanperature. 

The reac~ion was dissol ved in etiler (100 mL), washed wi th a 5"% 

aqueous solutiQ~ of NaHC03 (2 x 25 mL) 1 with brine (2 x 20 mL), and the , , 

ether extract was ,dried over anhydrous MgS04' After fi l tration, renoval 

of the sol vents bt va,cuo led to a brown oil. This was distilled using 
\ , 

a Kugelrohr apparatus (80-1360 C/23 torr, lit.314 95-70 Cj25 torr) to give 
" \ 

0.68 9 of the glyoxal in 48% yield. Since this yield was judged to be 

inadequate, an alternate rnethod was chosen. 

Seleneous acid (H2Se031 32.50 g, 252 rnnol) was dissol ved in diox::me 

(200 mL). A mechanical stirrer was required( apd the ternperature was 
, t 

maintaineèr at SOoC unti 1 dissol ution was complete. Acetophenone 

(107) (30.0 g, 200 nunol) was added. The sol ution underwent a series 'of 
o 
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-. colour changes:, starting fram col,?ur1ess, proceeding to 'yel1ow, then 

green, and finally to black. After refluxing for 5.5 h, the Sol1!ltion was 
, 

decanted fr~ precipi tated selenium metal. The dioxane-water was 

distilled from the solution leaving an Qrange gum. This residue was 

fil terErl twice through a sna1l sinter to remove more seleniWl metàl am 
" 

distil1ed (52°C, 0.45 torr, lit.3l4 95-7oC/25 torr) to yield 28.24 9 of 

the ti tle canpourrl in 84% yie1d. The spectral data for ~e d:mpouoo are; 

I.R.(neat): v =1697, 1598, 1582, 1459, 1278, 1262, l~20, 963 an-1• L 
lH-N.M.R. (ŒCl3) : ô =7.4-8.4 (m, 5~arom)' 9.67 ppÏt (s, 1H, CHO). 

p -Methylacet0phenone (108) 

Toluene (30.30 g, 0.33 mol-) was dissolved in carbon disulfide (150 

mL) under a nitrogen atanosphere. Al\Jllinun trich10ride (97.5 g, 0.73 mol) 

was ërlded and the solutions was heated to reflux. Acetic anhydride (28.72 

g, 0.28 mol) was added over 40 min and the reaction was left ta reflux for 

1 h. 

The carbon disulfide was distilled from the solution and the warm 

residue was added to concentrated hydrochloric acid (50 mL) am ice (500 

g). '!'he solution was extracted with ether (2 x 500 mL), washed with wat~r 

(200 mL), 15% aqueous KOH (50 mL) 1 water (100 mL) and brine (100 mL). - The 

combi,ned ether extracts were dried over anhydrous MgS04 and, after 

filtration, the ether was ranoved .ln va.cuo. The residue was çUstilled 

(97..\.990 C/14 -torr, li t.3 46 226oC/760 torr) to gi ve 31.70 9 of p-methyl-

~cetoPhenone in 73% yie1d. 

./' are; 

The spectral characteristics of this compound 

f.R. (neat) : v =1688, 1604, 1583, 1357~ 1280, 1182 an-le 

lff:.N.M.R. (COCl3)·: ô =2.42. (s, 3H, CH3C6H5)' 2.58 (s, 3H, CH3CO), 

7.23,7.87 pprn (ABq, 4Harom' J om=10 Hz). 

a.,a. -Dichloro- r,?-methylacetophenone (111) 

p -Meth~lacetophenone (108) (27.0 g, 0.20 mol) was dissaI V'ed in 

glacial acetic acid (150 mL). Dry chlorine gas (bubbled through 
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concentrated H2S04) was introduce:3 to the solution at a râte which a1lowed 

the tanperature to remain below' 20°e. 'I11e solution cooled by an ka-
\ 

water bath. Care was taken to keep th olution from excessively low 

temperatûres to prevent precipitation' of either the starting material or 

product. After l h, the' sol~tio was bright yellow and the flow of 

chlorine was stopped. ' 

The sol u~ion was poured into i e-water (500 g) and al10wed to wann to 

roan temperature. '!he colour was di charged am a waxy-flaky white preci­

pi tate (m.p. 54-SoC, li t.349 540C) s co11ected .by fil ttation, aOO after 

air dtying, gave 36.8 9 of the ti canpound in 91% yie1d. 'lbe spectral 

charac~eristics of the compound 

I.R. (CCl 4) : \) =1711, 1691, 1608, 1585, 1276, 1217, 1179,- 843 cm-l. 

IH-N.M.R.(CDel3): ô =2.43 (s, 3H, C6H4CH3)' 6.50 (s, 'IH, CHe1i), 
cO 

7.10,7.81 pp:n (!Bq, 4Harom' J=7.S Hz). 

M.S.:m/z=:206, 204, 202 (0.4%, 1:1%, 1.5%, M+), 

, 170, 168 (0.5%, 1.5%, W-C1), 119 (100%, W-CHC12)' 

103 (8%, Mi"-OCHCI 2), 91 (47%, CH3<;)Hth 77 (12%, ~HS)' 

2,2-Dimethoxy-2(4'-methylpheny1)aceta1dehyàe (110) 

a,a -Oichloro-p-methylacetophenone (111) (5.0 g, 24.6 nmol) was ~rled 

to a solution of sodium (1.3 g, 56.5 rnmol) in absolute methanol (200 mL). 

The solution was stirred overnight under an argon atmosphere. 

The orange reaction mixture was di1uted with water (150 mL) and 

extracted wi th ether (5 x 100 mL) unti 1 the ether extracts were 

co1our1ess. The ccmbined ether ex tracts were washoo with brine (2 x 25 

mL) 1 dried over anhydrous MgS041 am the ether~ red .in va.c.u.o. 'lbe 

orange residue was subni tted to H.P.L.C. (19:1 hex nes thy1 acetate, v/v) 

to give 3.40 9 of the title compound in 71% yiel. The spectral data 

are; 

I.R. (Œ14): v=2942, 1742, 1612, 1509, 1444, 1406" 1362, 1242, 

1208, 1183, 1113, 1060 ~-l. 

IH-N.M.R. (CC14) : ô =2.31 (s, 3H" CH3C6Hs), 3.23 (s, 6H, C(OCH3) 2) , 

7.14, 7.35 (ABq, 4Harom' J om=9.0 Hz), 
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8.9 ppm (s, lH, CHO). 

M.S.:m/z=165 (100%, W -CHO) , 

115 (29%, ~-C02CH3)' 
91 (49%, CH3C6H4+). 

P-Methylpheny1g1yoxal <2> 

Se1enious acid (H2Se03' 19.35 g, 0:15 mol) was heated until 

dissolution at 55°C in dioxane (90 mL). p-Methylacetophenone (loin (19.8 

g, 0.15 mol) was added and the solution refluxed for 4 h. The solution 

,las decanteJ frem tne preclf:ll tated s'ele:1ium and tne dloxane 'dlstllied off. 

A~t:er fi l tratlon tnrough Cellte, tne resldue was dlsti Iled (81-820 C/2.75 

torr) to yie1d 1+.8-g of p-methylphenylg'lyoxal in 

67% y~eld. The spectral data for the compound are; 

I.R. (neat): \J =1691, 1594, 1582, 1457, cn-1• 

IH-tl.1'1.R. (COC1 3) : C =2.48 5s, 3H, C~3C6H5)' 
7.37, 8.17 (ABq, 4Harom', J om=9.0 Hz), 

9.69 ppm (s, lH, CHÔ). 

, 
CONDE~SATIONS , 

Methyl 5-hydroxy-3-oxo-5-phenylpentanoate (112) 

1,3- bi.ô-Trim,ethylsiloxy-l-methoxy-1,3-butadiene (0.259 0 g, 0.996 

mmol) was dissol ved in CDC1 3 (2 mL) under an argon atmosphere at -7SoC. 

Benzaldehyde (0.101 9, 0.95 mnol) aoo then TiC1 4 (2.0 M solution in a:x:::13' . 
0.5 mL, 1.0 mmol) were added and after 1 h, the sol uti0I'! was al10wed to 

'warm to OOC over 1 h. 

The reaction was poured into a 5% aglleous NaHC03 sol ution (25 mL) , 

extractErl wi th ether (100 mL), washaJ wi th brine (2 x 10 mL) am the ether 

extract was dried over anhydrous MgS04• After removal of the sol vents i.n 
vacuo, 0.152 g of the title compound was isolateà in 72% yield. The 

spectral characteristlcs for this compound are; 
, \ 

-...., 

I.R. (neat): \1=3441, 1744, 1722, 1451, 1437, 1325 c:m-1 • 

1H-N.M.R. (CCC13) : é =2.7-3.3 (m, 2H, .9!2COCH2COOCH3)' 

, . 
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3.32 (s, 2H, CH2COOCH3)' 3.58 (s, 4H, OH'~ ~~OCH3)' 
5.24 (dd, 1H, C6HSCHOH, Jbc=6.3 HZ, J ac=8;0 Hz), 

7.19 ppn (s, SHaroml. 

Methy1 6,6-èich1oro-5-hyqroxy-3-oxo-5-pheny1hexanoate (115) 

Cl,a. -Dichloroacetophenone (24) (1.32 g, 7.0 mmol) was dis501ved in 
- l 

CH2C12 (30/ mL) ~er an argon atnosphere. After cool iog to - nOc, TiC1 4 
(1.0 M solut~ in CH2CI2' 8.0 mL, 8.0 mmol) waS added. 1,3- b.ü­
Tnmethy1siloxy-l-methoxy-l,3-butadiene (2.00 g, 7.7 rrmol) was addeà over 

10 T:un.· 

Afrer 3e ffilr1, tne Solut:lon was guencned wlth a 5% agueous IJaHC03 
solution (100 mL); extracted with ether (2 x 50 mL), and washed with brine 

(3 x 50 mL). The combmed ether extracts were dried .~ver anhydrous. MgS041 
fil tered, and the sol vents were reinoveÇ under redueed pressure. A 

quant i ty of 0.153 9 of the erude residue (tata l, 2.19 g) was SUbrnl tted to 

flash ehromatography (4:1 hexanes-ethyl aeetate, v/v) to give 0.013 9 of 

tn':? startlng a::etopnenone anj 0.107 9 of tne crystalline title compound -" 

(rn.p. 73-74.50 C) in 71% isolated yield. Based on the recovered starting­

rnaterlal, the yield 15 85%. 

wnen this reactlan was repeated uS1ng two EqUivalents of TiC1 4 under 

ather;wise idenÜcal candi tian, the same canpoul'rl 'waS. fonne:3 in U % yield 

baseà on IH-tJ.M.R. analysis. The spectral data for this compoum are; 

I.R. (CHCl 3):\> =3483, 1744, 1717, 1642 ClT\-1. 

IH-N.M.R. (COC1 3) : 0 =3.38, 3.44 (ABq, IH, COf!:!aHbCOOCH31 Jab=8.1 Hz) 1 

3.43, 3.6B (ABq, 1H, cxx:Ifl.!fCOCI-FHb , J0:3=17.0 Hz), 

3.69 (s, 3H, COOCH3), 4.50 (s, IH, OH), 5.92 (s, IH, CHC12)' 

7.3-7.3, 7.5-7.6 pprn (m, SHarom). '. 
~ 

M.S.:mjz:;271, 269 (37%, 21%, W -Cl), 253, 251 (14%, 9%, 269.f -H20), 

189 (53%, C6H5C(OH)CHC12+), 117 (31%, 0I2COCH2COOCH/), 

105 (31, C6HSCO+). 

C13H14C1204 • cale 
(305.2) found 

C 51.17 H 4.62 Cl 23.24 

51.17 4.78 23.38 
~ 

.; 

230 " 

'.'" 

, 

1 

1 
1 

, f 
, 
i 
1 
l 



Methyl 6,6-dichlorO-5-hydroxy-5-(4-methy1phenyl)-3-oxo-hexanoate (116) 

Cl , a-Dich1oro- p-methylacetophenone (111) (0.274 g, 1.35 mmol) was •. 

dissol ved in a solution of TiC14 (1.5 M solution' in CH2C12' 1.0"mL, 1.5 

mmol) in" CH2Cl2 (25 mL) at -78°C under an argon stmosphere. A ye110w 

precipltate forrned. 1,3- b..i..6 -Trimethy1 si 1oxy-1-methoxy-1,3-butadiene 

(0.340 g, 1.31 mmal) was added and the reaction stirred for 2 h at -7BoC 

and 30 min at OOC. 

The reactIon was quenched with a 5% aqueous NaHC03 solution (3 mL), 
• 

NaHC03 (-5 g) and MgS04 (-2 g). After fi 1 tration, 0.409 9 of the product -" 

"las lso13t.-=è. ~'~:î'2n t.ms reslàue W35 sulnn tt.e<"1 :0 l1es" cnroi1la:o~raph:! (8: l 

ne;.;anes-etn/ .. acetate, V/"J) , none 0: tne àesHed praduct was lsolated, 

only startlng materia1s were recovered. Therefore, a quantity of 0.153 9 

of the resldue was s'ùOnl tted to flash chr~atograpny (16.5:2.5:1 hexanes­

ethyl acetate-methano1, v/v/V) to give 0.068 9 of the tltle cœfPound in 

44% yleld and 0.054 g of the starting acetophenone. Accounting for 

recovereà star~lng material, the yielà was B8~. Tne spectral data for the 

com,pourld are; 

r.R. (CC1 4): v=3490, 1742, 1710, 1238 en-le 

IH-N.~1.R.,(cOC13): 5=2.33 (s, 3H, CH3C6H4)' 3.33 (s, 2H, CH2COOCH3)' 

3.,4"'3.6 (m, 2H, (HO) HC.9!2CO), 3.6B (S, 3H, COOCH3), 4.3 (bs, 1H, OH), 

5.68 (s, lH, CHC12)' 7.08, 7.36 ppm (ABg, 4Harom' J orn=9.0_ Hz). 
. + ' + M.S.:mïz=235 (20%, M -~Cl2)' 203 (28%, 235 -CH3OO) , 

+ +) 119 (100%, CH3C6HSCO), 91 (54%, CH3~_H4,· ' 

Mêthyl 6,6-dlmethoxy-5-hvdroxy-3-oxo-5-phenylhexanoate (113) 

CL ,CL -DlInethoxyacetophenone (~) (0.390 g, 2.11 mmo1) was dissol ved in 

methyllfne chloride (25 mL) at -78°C under a nitrogen atmosphere. TiC1 4 
(1.0 M so1utlon in CH2C~2' 1.5 mL, _1~5_ mno1) and then 1,3- b..i.h-ttimethyl­

si loxy-l-methox'y-l,3-butadiène (O.0Tl2 g, 2.35 mmol) were êlddeè (t~e 
soluti(;m turned a deep yel10w colour). 

After 20 mIn, the reaction was quenched with a 5% aqueous solution of 

NaHC03' extracted wi th ether (2 x 100 mL) ~ washed wi th brine (2 x. '~5 .!IlL) 
j., , - - - , 

'and the combineè ether ex tracts were drie? aV,er anhydrous MgS04• The 
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solvents were' rE!t\oved .<.1'1 va.c.uo, after filtration, ta give 0.577 g Qf a 

crude residue. A quanti ty of 0.18-70 g of this residue was submitted to 
< ,; ~-

flasl1 chranatography (1:2 etbyl acetate-hexanes, v/v) ,to give 0.p957 9 of. , , -

the ti tle €ompouhd in, 47% yield, and 0.059 9 of rec .. ov,ered starting .. , 

material. 'In consideration of the recovered starting.material, the yield 

was 56% (the yield based on the lH-N.M.R. of the erude material was 74%). 

When the sarne reaction was uooertaken using two egui valents of TiC1 4 uooer 

otherwise identica1 conditions, only the monoadduct and startiÔg-material 

were recovered in ~ ,2:1 mixture, based ol}. IH-N.M.Re analysis~ -The 

~pectral data for the compouoo arei 

I.R. (neat);v =1745, 1705, 1443, 1432, 1072 en-1• 

IH-N.M.R. (COC1 3) : 6 =3.16, 3.30 (ABq, 2H, CHa,!:!bcoOCH3' Jab=S.O Hz), 
f" 3.26 (s, 3H, HC(OCH3e)OCH3 ), 

3.4~, 3.54 (ABq, 2Ff, CHC.!fCOCH~Hb.' J cd=8.0 Hz.) , 

3.47 (s, 3H, HC(OCH3f)OCH3e), 3.70 (s, 3H, COOCH3)' 4.02 (s, IH, OH), 

4.16 (s, lH, CH(OCH3)2'), 7.3-7-.4., 7.5-7.~ ppm (,,",,5Har<?~)' 

Methyl~ 6, 6-dimethoxy-5-hydroxy-3~o-6-phenylhexanoate (114) 

1r:3- bü-'inmethylsiloxy-l-methoxy~1,3-butadlene (0.751 g, 2.88 mnol) 

and 2,2-dimethoxyphenylaceta1dehyde (ill) (0.532 g, '2.96 nmol) were 

dissolved in CH2G12 (10 mL) at _7S 0 C under an argon atmosphere. TiC1 4 
(1.0 M sol ution in CH2C12' 2.9 ~L, 2.9 mmol) was added and the r~action 
was stirred for 3 h. , 

The reaction(~?- quenche:3 wi.t;~ a 5\ aqueous solution of NaHC03 (100 

mL), extracted w~ th ether (i"x 100 mL), washed wi th brin~ (2 x' 25 mL) and 

the combined ether ex tracts were dr~ed ,over anhydrous "MgS04• The sol vents 

were removed -<-1'1 va.cuo te' give '0.94 9 of a crooe re~idue. A quantity of .' , 

0.205 9 ~ the residue owas'submitted ta flash chromatoÇraphy (9:1 hexanes-

ethyl acetate, v/v) to give 0.046 9 of the slightly impure tit1e canpound 

in -24% yield. The rÈnaining material was an intractable taro '!'he spectral 

characteristics of the compounds are; 
9 r 

I.R. '(neat) : '.1=3460, 1742, 1712, 1433 an-le 

l~N.M.R. (ax:l3): 0;"3.1-3.6 (m, 4H, HCCOH)9!2CD,g!2COOCH3)" . 

<". 
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3.47 (s, 6H, C(OCH3)2)' 3.75 (s, 3R, COOCH3),,3.B9 (s, lH, OH), 

5.4-S.5 (m, lH, !!f(OH», 7.2-7.6 ppm (m, SHarom). 

Methyl 3 ,6-dioxo-5-hydroX~-6-phenylhexanoate (118) 

1',3- b.L~-Trimethylsiloxy-l-rnethoxy-l,3-butadiene (1.50 9, 5.78 mmol) 

an'S 2,2-dimethoxyphenylaeetaldehyde t.§.) (1.04 g, 5.7B mnol) were dlssol ved 

in CH2C12 (10 mL) at -7SoC under an argon atmosphere. TiC1 4 (1.0 M 

solution in CH2Cl2' 12.0 mL, 12.0 nuno1) was added and the reactlon was 

stHred fol: ·3 h. 

Tne reactlon was quenched with a 5% agueous Solutlon of NaHC03 (100 

,mL), extraeted Wl th ether (2 x 100 mL), washed Wl th br! ne (2 x. 25 mL) and 

the combioeèl ether extraets were dned over anhydrous MgS04, The sol vents ", 

werfiL- ranoved .Ln va.c.uo to 91 ve 1.18 9 of a erude residue. A quanti ty of 

0.107 9 of thlS residue wap submltteo te flash ehromatography (9:1 

hexanes-ethyl acetate, v/v) te 91ve 0.80 g of S11ghtly lmpure proouct ln 

61% yield. The spectral data are as follows; 

~ , 
I~R. (n~at) :\" =3450, 1739, 17V ,)1690, 15'99, 15§2, 1448, 1436' an-1 

lH-N.M.R. (CDCl 3): 6 =2.9-3.3 (m, 2H, ,9ia!!bCOCH2COOCH3)' 3.02 (s, lH, OH), 

3.55 (s, ZH, CH2COOCH3), 3.72 (s, 3H, COOCH3), 5.46 (dd, ~H, CHe (OH), 

J ae=4.2 Hz, Jbc::=7.5 Hz), 7.3-7.6,7.8-8.1' ppm (m, 5Harom)' 

2-carbomethoxy-4-hydrdxy-3-phenylcyclopenten-2-one (119) 
? 

2, 2-Dimethoxyp'henyl acetal,dehyde (109) (0.264 g, 1.46 mmol) was 

dissol ved ln CH2C12 at -7SoC under an argon atmosphere. 1,3- bi..~­
tnmethylsi 1oxy-l-methoxy-1,3-butadiene (0.400 g, 1~3 mmol! and then 

T1C1 4 (1.0 M solution in CH2C'+2' 5.0 mL, 5.0 mmol)\ ere added. The 

reaction w~s alloweè to stir for l h at -78oC and then rmed to OOC over 

15 mln. 

Tne reaction was quenched wi ~h a 5% aqueous sol ution of NaHC03 (75 

mL), extracted wi th ether (2 x 75 mL), and washed wi th brine (2 x 25 mL) • 

The combined etner ex tracts were drieà over anhydrous MgS04 and" the 

sol vents Were removed ln va.c.u.o to give 0.340 9 of a crude residue. A 

quanti ty of 0.087 9 of the residue was sul::mi tted to flash ehromatography 
, .-
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(16:2:1 hexanes-ethyl aeetate-methanol, v/v/v) to 9i ve 0.0405 9 of the 

ti tle eompound in 49% yie1d. The yield based on the erude IH-IJ.M.R. was 

ï80%. The spectral data for the eanpound are as follows; 

~ 

1.R. (neat): \)=3442, 1736, 1702, 1618, 1433, 1343, 1232 an-le 

1H-N.M.R. (CCCl3) : ô =2.59 (dd, lH, cx:oF~oFOH, .;rac=2.3 Hz, Jab-18.6 Hz), 

3.04 (dd, lH, o::x:f-Pt-r8œCOH, Jba=18.6~, Jbc=5.9 Hz), 

3.64 (s, lH, OH), 3.79 (s, 3H, eOOeH3), 

5.45 (dd, IH, o:cHaHboFOH, J cb=5.9 Hz, J ca=2.3 Hz), 

7.7-7.8 ppm (m, SHarom)' 

t-1.S.:m/z=232 (42C;;, M+l..v216 (22%), 201 (31%, M+-OCH3), 

173 (20%, M~3)' 137 (76%, t-1+-H20-C6HS)' 121 (84%), 

. 105 (82%,fc6HSCO+), 91 (72%, C7H7+)' 77 (69%, C6HS+). 

2-Carbomethoxy-4-hvdroxy-3-pheny1cyclopenten-2-one (119) 

Phenyl glyoxal @ (0.40 g, 2.98 nmol) was added to a solution of 1,3-

b-i..~ -trimethylsiloxy-l-methoxy-1, 3-butadiene (100) (0.75 g, 2.88 mmol) in . -
0i2C12 (10 mL) under an argon atrnospnere. After coo l ing to -78°C, Tiè1 4 
(1.0 M sol utio'n in CH2C12' 10.0 mL, 10.0 mmol) was added. The reaetion 

was stirred for 4.5 h and then allowed to warm to aOc over 30 min. 

The reaction was quenched wi th an aqueous 5% sol utlon c:f NaHC03 (150 

mL), extracted wi th ether (2 x 100 mL), \.1ashed wi th brine (4 x 25 mL) and 

the combineà ether extracts were drie1 over anhydrous M9S04. The.,.sol vents 

were removed .in va.c.uo to gi ve 0.621 9 of a crude residue. The yie1d 

based on the 1H-N.M.R. spectrtm\ was 78~. ' A quanti ty of 0.173 9 of the 

residue was submitted to flash chromatography (20:2:1.5 hexanes-ethyl , 
acetate-methano1, v Iv Iv) to 9 i ve 0.080 9 of the ti tle compound in 43% 

'yi~ld. See ,the imne::Uately preceeding experimental for spectr~l data. 

2,2-Dimethoxy-2(4'-methylpheny1)-aeetaldehyde (110) (0.2930 g, 1.51 
, -..-

mnol) and' 1,3- b.i.6-trimethylsiloxy-i-methoxy-l,3-butadiene (0.3830 g, 1.47 

mm01) in CH 2C1 2 we,re cooled to .... 78oC under an argon atmosphere. TiC1 4 
(1.0 M solution in CH2C1 2 , 5.0 mL, 5.0 nunol) was added and the reaction 

ks sti~ fOI: ~ h. ~ solution was a110wed 'to warm to OOC over 15 min. 
<J 
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The reaction was ~ched with a 5% aqueous NaHCOJ solution (75 mL), 

extracted wi th ether (2 x 50 mt.), washeà wi th brine (2 x 10 mL) and the 
1 

combined ether ex tracts 'were dried over anhydrous MgS04• After ranovalof 

the sol vents in. VdCLLO, 0.4046 9 of a crtXie residue was isolated. Based 

on lH-N.M.R. analysis, the crude material consisted of about 75% of the 
, 

desired cyclopentenone. A quanti ty of 0.1009 9 was sul:mi tted to gradient 

flash chromatography (100 mL each of 3:1, 2:1 and 1:1 hexanes-ethyl 

acetate, v./v) to gi ve 0.0344 9 of the ti t1e compound in 38% yie1d. The 

spectral data for this compound are; 

I.R.(nuJol):v =3484, 1743, 1682,1604,1584/1451, 1350 cm-l. 
, 
.... H-1U1.R. (CDC13):6 ::;2.41 (s, 3H, CH3C6H4)' 

2.47 (dd, 1H, COCHaHbCHcOH, J ab=18 H'z, J ac=3.0 Hz), 
. b li c Il 

2.98 (dd, IH, COCH H CH OH, J ab=18.0 Hz, Jbc=5.5 HZ) , 

-3.20 (s, IH, OH;, 3.79 (s, 3H, COOCH3)' 

5,.41 (dd, lH, COCHbHaCHcOH, J ac=3.0 Hz, Jbc=5;.5 Hz~, 

7.28, 7.51 ppn (ABg, 4Harom' Jo~.5 Hz). 

M.S.:m/z=246 (,12%, M+), 214 (16%, M+ -CH3 0H), 182 (95%), 149 (82%), 

127 (4:;%, M+-CH3C6H4CO), 119 (95%, CH3C6H4CO+), 91 (58%, CH3C6H4+). 

cale. C 68.28 H 5.73 

found 68.14 5.87 

A~t6T1Pted r 11- '!> .<.:tu Deaeetallzatlém 

Cl , n-Dimethoxyacetophenorl,e (109) (0.370 9, 2.06 mmol) and 1,3- bi.6 -

t:nmethylsi.loxy-l-methoxy-l,3-butadiene (0.520 9, 2.01 tmlol) were mixa3 -in 

CH2Cl 2 (10 mL) at -7SoC under an argon atmosphere. TiC1 4 (1.0 M solution 

. in CH2C12' 3.2 mL, 3.2 mmol) was added and the reaetion stirred for 30 

min. T.Lee. analysis indicateà main1y the presence of the rnonoalkylated 

material. Iodotrimethylsi1ane (0.44 mL, 3.08 mmol) was added; the 

solution became purple black. After 15 min,_ TiC1 4 (1.0 1'1 solution, 6.6 

mL, 6.6 mmol) was added and the reaction stirred for 30 min at -7SoC and 

15 min at OOC. 

The reaction was quenched ~ith a 5% aqueous NaHC03 solution, 

extracted wi'th ether (2 x 50 mL), washed wi th a 5% aqueous Na2S203 

~ solutiqn (2 x 25 mL), washed with brine (2, x 20 mL) and the canbined ether 

2JS 
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extracts were drie3 over anhydrous MgS04. '!'he sol vents were renoved ..Ln' 
Va.C.LLO. ~C~,\ and IH-N.M.R. analyses of the crude residue indicated the 

material waS a canplex mixture of products. Hence, this dces not appear 

to provide a useful approach to the synthesis of 5-membered rings. 

ALTEmlATE ~PHlLES 

a -Branoacetopgenone (123) 

To a solution a~ anhydrous ether (80 mL) and dioxane (1.7 m,L, 20.0 

mmol) was added acetaphenone (107) (24.0 g, 0.20 mol). Bromine (CJ.5 mL, 

9.8 mmol) was added and the reactian stirred for 20 min until the red 

co1our had comp1ete1y dissipated. The solution was coo1ed to 

approximately OOC with an ice-salt bath and branine (10.0 mL, 195.0 nrnol) 

was dripped in over 1.3 h. 
, 

, 
}, , 

The reaction was quenched with a saturated aqueous sodium carboiJ)ate ", 

solution (2x100 mL). The ether layer was dried over anhydrous Mg 4' ~ 

filtered, and the ether removed ..in va.c.uo, to qive 25.9 9 of the titl ,', 

. compound contaminated wi th acetophenone (15% by lH-N.M.R.) and gi v ing a j . . 
total estirnated yield of 55%. A small quantity was recryté!l-lized from 

-- - --

petroleun ether (m.p. 48.5-490 C, lit.346 50-51°C). The. spectral data. are; 

I.R. (CC14):\) =1687, 1596, 1447, 1276 an-le 

1H-N .M.R. (CDCl3): ô =4.33 (s, 2H, ..... 9-i2Br) , ~ _____ ------

7.0-7.5, 7.7-8.1 ppm (m, 5Ha~l------~­

M.S.:m/z=200, 198 (2~.l-%,---M--+), 105- (100%, C6HSCO+), 

77 (88%, C~. 

, G.L.C. :6",5% CV-lOI on cHRoMoSORB 750, 1500C: 

C6HSCOCH3 RT=O. 43 min .. 

<;;HSCOCH2Br RT=3. 23 min. 

Cl-Phenylthioacetophenone (124) 

Crude Cl -bromoacetophenox:e (ill) (10.0 g, 42.7 mmo 1 (ca le.)) 

contaminated wi th acetophenone,; was susperoej in hexanes (400 mL, the use 

o~ methylene chloride as the sol vent led ta none of the desired product). 

The solution was cooled ta OaC under a nitrogen atmosphere and then, 
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thiophenol '(5.5 mL, 53.6 Imlo1) and triethylamine (7.0 mL, 50.2 mmol) were 

added sequentially. There was ùrmediate formation of a f1occu1ent white 

precipitate. 

After 1 h, the reaction mixture was fi 1 tered through Ce li te, arx1 the 

sol vents ranoved under reduced pressure" to give a crysta11ine material 

smelling strongly of thiophenol. This residue was recrysta11ized fran 

hexanes to gi ve two crops of crysta1s, 8.1 9 and 2.6 9 (total. 10.9 g) 

contaminated with -10% thiophenQl to give the product ih ess~ntia11y 

quantitative yie1d. The me1ting point of a further recrystallized samp1e 

was 53°C (petro1eL1m ether, lit.347 51-20C). 

I.R. (CCl4) : V=1684, 1600, 1581, 1481, 1449, 1440, 1275 an-l •. 

1H-N.M.R. (ax:l3) : ô =4.23 (s, 2H, CH2SC6HS)' 

7.0-7.6, 7 .8-8.0 p~ (m., lOHarom). 

M.S.:m/z=228 (3~%, ~), 123 (21%, M+ -C6HSS)' ,110 (27%, CsH5SH+), 

109 (22%, C6HSS), 105 (100%, C6HSCO+), 77 (33%, C6HS +). 

a-Où.o~o- a -pheny1 thioacetophenone (~) ---~ .. 

To a solution of crude' a-phenyl thioacetophenone (124) (5.24 g, 21.9 
, -

ltlllol (calc.» in dry methy1ene ch10ride under a ni trogen atmosphere at oOC 
, 1 

was dripped in su1fury1 ch10ride (1.8 mL, 21.8 rnrnol) over 3 min. The 

solution turned a bright yellow colour. 
j 

The ~oluti0n was all:owed to warm up to room ternperature (1.5 h) and 

was then quenched wi th a saturatal aqueous Na2C03 sol ution (100 mL). Tne 

yellowcolour disappeared. 'lbe solution was extracted wi,th ether (3 x' 100 

mL) and washed wi th brine (2 x 50 mL). The cornbined ether extracts were 

dried over anhydrous MgS04 and the solvents ranoved.in vac.u.o to give 

5.8 9 of a light yellow oil. This essentia11y pure 'product (as judged by 

IH-N.M.R. and T.L.C.) was used without further purification in. the 

fo11owing reactions. The yie1d was essentia11y quanti tati ve. The 
l> 

spectral data, for the canpourrl are; 

I.R. (neat) : \) =1688, 1595, 1589, 1458, 1451, 

1H-N.M.R. (COCl 3) : 0 =6~35 (s, 1H, .9!SC6HS) , 

7.2-7.6, 7.9-B.2 pJ;Xtl (m, 10H~rorn). 

1276, 1205 -1 en .. 
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M.S.:m/z=r262 (2%, W), 228 (24%, W -H2S)' \ 186 (22%, W ~H4 +), , , . 

185 (11%, ~-C6HS~' 184 (lU, ~~HS)' 110 (31%, ~HsSH", 
- 109 (22%, C6HSS+), 105 (100%, C6 HSCO+), 77 (49%, C6HS +) •. 

~ " 

a -Methoxy- a -pheny1 thioacetophenone (126) 

:) 

a -Oùoro- a-phenylthioacetophenone (125) (1.00 g,_ 3.8 mmol) was 
... 

disso1ved in absolute methano1 (60 mL) under a nitrogen atl9Dsphere and the 

reaction stirred overnight at roan temperature. 
,/ 

A 10% aqueous Na2C03 solution (30 mL) was added ancl'the methanol 

ranoved in vac.u.o. The residue was extracted wi th methylene chloride 

(100 mL), washed wi th br:i:ne (40 mL) and the organic phase dried over 

. MgS04• The methylene ch10ride was removed urXIer 'réduced pressure' to gi ve 

1.0 9 of a bright yellow oil smelling strongly of benzene thiol and 

showing two spots on T.L.C.. The residue was crystallized fram hexanes 

and the crysta1s were filtered am washed' with cold hexanes to give 0.71 9 . 

of a crystalline material in 72% yie1d. 

Al ternati vely, a -chlora- a-phenyl thioacètopheoone (125) was dissol ved 

in absolute m~than;<.l . .A100 mL) which conta.in~ Amber~yst A21 resin (O.S~g, 

3.89 meq) umer r argon atmosphere. n'le reaction was stirred overnighto 

at roan tanperatqre. 

The solution was filtered through Celite and the solvent was ranoved 

,in va.c.uo to gi ve' 0.96 9 of an mixed oi 1/crystall ine material. This 

residue was recry~tallized fran hex~s-ethyl acetate to give 0.78 9 of 

pure crystalline (m.p. S6-7°C)' am 0.18 9 of ~ oi1 containing 40%, by IH­

N.M.R., of the desired product • 
• 

The, ,tot'al yie1d was 87% al though the 
• 

___ isolate:3 yield wap 80%. The spectral data are; 

1.R. (œ14) : \) =1684, 1597, 1579, 1476, 1445, 1437, 1272, 1185, 

1099 cm-1 : 

lH-N.M.R. (a:x:J.3) : ô =3.63 (s, 3H, DCH3)' '~.80 (s, lH, 9!SC6HS)' 

7.1-7.7, 7 .8-8.1 p~ (m, .lOHarom) • . 

u M.S.:m/z=258 (2%, M+), 153 (100%, M+ -C6HSCO) , 

121 (29%, l53+-œ30H), 11(1 (C6HSSH1, 109 
. + ' + 

105 (41%, C6HSCO ) ~ 77 (33%, C6HS ). 

" 1-Methoxy-l-phenylthio-l-phecylacetaldehyèe (127) 

\ 



-
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a -chloro- a-phenyl thi,oacetophenone (125) (1.0 g, 3.8 mmol) was 

dissolved in an anhydrous solution, of sodiwn (0~090 g, 3.93 mmol) in 

absolute methanol (25 mL) at OOC umer a nitrogen atmpsphere. 0) 
After 1 ,h" the reaction .was quenched wi th water. (15 mL). The 

sol ution "was extracted wi th ether (3 x 150 mL) arx1 washed wi th brin6 (2 x 

30 mL). 'l11e canbined ether extracts were dried over anhyàrous MgS04 ana 
. . ' 

the ether remol1ed under reduced pressure to gi ve 0.90 9 o. a crude 

~esidue. This was s~bmi tted to prepa,rati ve H.P.L.C. (19:1 hexanes-ethyl 

acetate, v/v) to gi ve after evaporation, 0.75 ~ of pure titl:e canpourrl in 

77% yield. '!he spectral cllaracteristics of the canpourrl are; 

IH-N.M.R.(CDCl~): ô=3.42 (s, 3H, OCH3)' 7.0-~.6 ,Cm, lOHarom), 
9.2 ppm is, lH, CHO). 

M.S.m!z=2S8 (1%, ~), 229, (21%, ~ -010), 186 (52%, C6HSSC6HS +), 

, ("149 (48%, M+-C6HSS)' 121 (100%,. M+-C6HS5-CO), 

" , liO (68%, C6HSSH+), 109 (46%, ~H5S+), 105 (41%, C6H5CO~, 
, +. + 

91 t(Sl%, C=t;HSCH2 ), 77 .(66%, C6HS ). 

a-Bromophenylacetaldehyèe 

, ' 

To 'a 'solution of phenylacetaldehyde (24.0 g, 200-mmol), in dioxane , 
(0.3 mL, 3.5 mmol) and anhydrous diéthyl ether (80 mL), was added bromine 

(0.2 mL, 3.9 mmol). The reaction was stirred at room temperature until 

The reaction was cooled wi th an ice-the colour was discharge:3 (la min) • 
.::.. 

saI t bath to approximately -SoC. 
1 _ 

Bromine (3.8 mL, 74.2 nunol) was addéd 

over 1.5 h. At the canpletion of this tfldi tion, th.e red-orange colour was 

not discharged even though an insuffi~ient amount of bromine had been 
, .. 

added ta allow the canplete conversion to the desiroo brani~ateè material. -

.The solution was warmej to 2Soc, but the colour remained. G.t.c. analysis 

showed three major components; starting material 77%, and two unknowns 

with a longer retention times, 4% and 17%. 

The solution was washErl with an aqueous saturate:3 'solution of sodillI\ 

bicarbonate (3xlOO-mL). The ether extracts was dried over anhydrous 

MgS04' am the ether removed br. va.c.uo. The residue was ,distilleè to 

gi ve a large ~nti ty of an intractable black tar and 0.14- 9 of a mixed 
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product containing mostly starting material. The lH-N.M.R. gave no 

useful infor:mation as to the contents of the disti llate. 

This method was abandoned in favour of the synthesis of the 

reg ioisaneric ex -branoacetophenone. 

G.L.C.:6' OV-10l on CHROMOSORB 750, ISOoC; 

Crude mixture bafore distillation, 

~H5OJ2CHO RT-O.87 min, 

unknown RT=ol.35 min, 
-.r 

unknown - 'RT=2.02 min, 

'" 

CONDENSATIONS 

-'17%. 

4%. 

17%. ..., 

Methy1 5-hyèroxy-6-methoxY-3-0xo-S-phenyl-6-phenylthiohexanoate (128)\ 

,a-Methoxy-a ..;phenyl thioacetophenone (126) (0.133 9 1 0.52 mme1) was 

disso1ved in CH2 C1 2 (20 mL) at -noc under targon atmosphere. TiC14 

(LO M sol ution in CH2C121 0.45 mL, 0.45 mmo ) and 1,3- b-i..o-trimethyl­

si10xy-1-methoxy-1,3-butadiene (0.107 g, 0.,1 rnmol) were added and tne 

reaction, stirred. More TiCl4 was a~9ed a120 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 wi th a 5aturated aqueous NaHC03 sol ution (0.5 mL), -NaHC03 (0.5 g) 

and MgS04 (0.5 g). The sol ution was fi ltered through Cel i te, which was 

then rinsed with ethyl acetate. The solvents were ranoved, Ùt va.c.tLO te 

gi 'le 0.172 9 of a erude residue. A quantity of 0.104 of this residue was 

sul:mitted to gradient flash chl!'cnlatography (300 mL of 19:1 am 100 mL of 

1:1 hexanes-ethy1 acetate, v/v) to give 0.033 9 of the monoalkylated 

product in 35% yield and 0.032 g of recovered starting material. The 

spéctra1 data for the monoalky1ated ti tle canpourrl arei . 

I.R.(œJ.4): v=3482, 1745,1708,1445,1434,1236 an-le ,r 

IH~U.M.R. (0:14) : 0 =2.9-3.3 (m, 4H, Q!2COCH2COOCH3)' 3.29 (s, 3H, HCOCH3) 1 

3.61, (s, 3H, COOCH3)' 4.08, (s, 1H, OH), 4.61 (s, lH, ~OCH3)' 6.9-

7.5 ppm (m, lOHarom). 
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Modification of the Ti tani\%n catalyst 

Dicyclopentadienyltitanium Dichloride 

" 

(CsHS)2TiC12 (0.250 9, 1.0 Innol) was suspended in tetrahydrofuran (40 

mL) under an argon atmosphere. Benza1dehyde (0.114 g, 1.08 mmol) and 

meth;il 3-trimethylsiloxybut-2-ènoate (0.329 g, 1.75 mnol) were added and 

the reaction was stirred for 3 h. 1H- N•M•R• analysis indicated only the 

presence of starting materials. Therefore, the reaction was refluxed 

overnight. Again, the 1H-N.M.R. spectrum indicateà only starting 

materials. 

The tetrahydrofuran was reJT\oved ,tl'l va.c.uc and to1uene was added. 

'l'ne r~act_ion \<l'as refl uxe:: for 2 days. ~ no proàuc,:s were detecteè oy lH­

N.M.R. analysls, tne catalyst was -judged insufflclently actl vating to De 

of any use for the desHed condensation reactions. 

~ 
4-Carbomethoxy-5-methvl-2-phenvl-3-phenylthiofuran, 

4-Carbomethoxy-~thyl-3-phenvl-2-phenvlthiofuran, 

and methv~ 2-(1-benzovl-l-ohenylthlomethvll-acetoacetate 

Zinc bromide (0.032 9,0.l.4 mnol) 'was suspended in Methylene chloride 

(~5 mL) u~r an argon atmosphere at room temperature. a -0110ro-a benzoy1 

pheny1su1fide (125) (0.023 .g, 0.773 rrrn01) and l ,3- b,(.~ -tnmethylsi lojKy-l­

methoxy-1,3-butadiene (100) (0.210 g, 0.807 mmol) were aôded and the 
. ---

reaction was stirre::l for -4 days. 

Tne reactiQn' was neutralized to pH 7 (wet alk-acid paper) with a \ 

slurry of NaHC03 ln methanol. The solution was extracterl with ether (2 x 

20 mL) and washed with brine (2 x 20 mL). The combi'neà ether extracts 

'. were dried over anhyàrous MgS04• After fi 1 tration, the sol vents were 

removed under reduced pressure to gl ve 0.260 9 of a crule mixture •. A 

quanti ty of 0.130 g was subni tte:] to flash chranatography (19:1 hexanes­

ethyl acetate) to gi ve four coolp;:>undsi two iscmeric turans (129) (0.042 g, 

34\ yield) and (131) (0.016 g, 13\ yield), and a pair of a -alkylation - - --
diastereomers (130) (0.033 g, 25% yield). It is not possible, at the time 

of writing, to differenti.ate (129) am (131) (future work will attempt ~ 

cyclization of (ldQ) to determine the re1at~ ve yields of the two· furans). " 

It is clear that only a-alkylation has occurred and that regardless or 
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the yie1dS of (129) am (131), a-ch1oro pheny1 sulfides are more reacti ve , 

e1ectrophi1es than ketones. 

130 a 

1.R. (0:14): \1=1750, 1723, 1680, 1282 an-1• 

M.S.:m/z"324 (1.5%, M+ -H20), 216 (19%, 324+ -C6H4S), 182 (26%), 154 (37%), 

110 (22%" C6HSSH+), 105 (61%, C6HSCO+), 77 (41%, Ct;H5 +). 
1 .. 

H-N.M.R •. (CIlCl3)ldQ! 

6=2.27 (s, 2H, C:;H3), 3.91 (s, 2H, C?OCH3)' 

~ 130b 

4.33, 5.13 (ABg, 1.33 H, OCCHCHSC6HS' J=ll.S Hz), 

7";2-7.6, 7.8-S.0 ppm (m, 10Harom). 

6=2.52 (s, 1H, CH 3), 3.64 (s, 1H, COOCH3)' 

4.40, 5.14 (ABq, 0.66 H, OCCH,CHSC6HS' J=.~1.4 HZ), 

7.2-7.6, 7.8-B.0 ppm (m, 10Harom)' 

129 ~.p. 9S-9B.SoC 

1.R. (CC14) : \1=1711, 1433 on-1 • 

, 1 H- N•M•R• (CDC1 3) : 0 =2.68 (s, 3H, CH3), 3.67 (s, 3H, COOCH3), " 
, 

7.1-7.5 pprn (m, l OHarom)· ~'. 

M.S.:m/z=324 (70%, M+), 292 (62%, M+ -CH30H), 250 (23%, M";}&..C6H4)' lij 
+ ~ + + 216(75\, M -C6H4S), 201 (93\, 216 -Ci3)' 185 (46%, C6H4SC6HS (?», 

156 (32%), 110 (72%, C6HSSH+), 109 (57%, C6H5S+), 105 (89%, C6HSCO+), 
+ 77 (100%, C6~5 ). 

131 

1. R. (CCL4 ) : \1=1722, 1439, 1250, 1231 an-1• 

1H- N•M•R• (CDC13) : é =2 .. 65 (s, 3H, 'CH3)' 3.85 (s, 3H; COOCH3)' 

7 .. 2-7.6 ppm (m, 10Harom). 

M.S.:m/z=250 (18%, ~-C6H4)' 235 (16%, 250+-CH3)' 216 (82%, ~-e6H5SH), 

201 (64%, 216+-CH3)' 185 (46%, C6H4SC6HS+)' 110 (18%, CsHSsg+), 

109 (17%, C6HSS+), 105 (100%, C6HSCO+), 77 (51%, e6HS+). 

Determination of the' Mechanism 
~~=~~.;.;.----

1,3- bü -Trimethy1siloxy-l-methoxy-1,3-butadiene (0.250 g, 0 .. 962 

nmol) was disso1 VeJ in a mixture of 2, 2-dime tho"ypheny 1 aceta 1 dehyde (0.162 

~' ,0.961 mnol) ~ mel 3 (2.0 mL). The solution was cooled to -sooe urxier 

a~ argon atmosphere and Tie14 (2.0 M solution in CDC13' 0.23 mL, 0.45 

242 



( 

Dlnol) was added and 3 spectra were taken at -10 min inte.rvals using the 

INEPT pulse sequenc~ in the 29Si-N.M~R.. Each spectra require,d 

accumulations of -7 min (the time indicâted on the fol1owing spectra is 

the time at the ha1 f-way point of the aquisi tion). More TiC1 4 (2.0 M 

solution, 1.25 mL, 2.50 mmol) was added and a further 3 spectra were 
" 

taken. 'ftlere was no change in the spectNtl following the acquisi tion of 

the third spectra. 

The reaction, was worked-up in a similar fashion to that of cartpOurxl 

119 (v.i.de. .6 UplLa. ) and 1H- N•M•R• analysis confirmed the presence of the - " 
hyd;:oxycyclopentenone system. 'Four peaks were observed which correspond 

ta the silyl enol ester (a) and silyl enol ether (b) of the starting 

materia1, the cnelated si ly1 group of the intermediate (117) (c) and 

chlorotrimethy1si lane (d), the product of the reaction. As the spectra r 

were obtained using a decoupling pulse sequence, aIl of the observed peaks 

were si119 lets. 

29Si-N.M.R(CDC13) 

l, 3- b.i.~-Trimethy1siloxy-1-methoxy-l, 3 .. butadiene 

t =·-0 
\ 

ô, .;;21.81 (1.0 'Si; a), 16.2 (1.0 si, b). 

t = 6 (after the addition of 0.5 eq of TiCl4) 

ô =31.6 (0.2 Si, c), 21.81 (1.0 Si, a), 16.2 (0.8 Si, b). 

t = 20 
<1 

ô =31.6 (0.2 Si, cl, 26.1 (0.06 Si, dl, 21.81 (1.0 Si, a)"16.2 (0.74 Si, b). 

t = 31 

ô =31.6 (0.23 Si, cl, 26.1 (0.15 Si, ,dl, 21.81 (1.0 Si, a), 16.2,(0.62 Si, 0), 

t = 40 ( a further addition of 2~5 eq ~f TiCl4 takes place at 37 min) • 

ô =31.6 (0.34 Si, c), 26.1 (1.46 Si, d), 21.81 (0.2 Si, a). 

t = 54 

ô =31.6 (1.64 Si, c), 26.1 (0.36 Si, d). 

t = 65 

ô =31.6 (2.0 Si, c).' 

'-, 

f 
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Claims ~ Original ~ 

i 

1) A new method has been developed for the formation of acetals. 

This method makes use of inexpensive and readily available trimethyl- ., 

chlorosilane. The reacti9n displays chemoselectivitYi methyl acetals are 

only fonneà fran electron deficient carbonyl groups, such as those wi th 
\ 

carbonyl groups at the Q-position. Most other ca~nyl groups are 

readily converted into the corresponding dioxolanes under mild conditions, 
. \, 

2) A new method for the formatlon of carboxylic esters has been 

developed. This method al 50 makes use of chlorotrimethyl si ~ane. The 

reac~ion proceeds under very ~ild conditions (the methyl ester of 6-

aminopenici 11 anl c a::fè was formeè ln 84% yie1d wi thout concomitant 

S=13510n of tne àe11cate B-lactam bond). T'nose esters whicn are u5ually 

requira3 in synthesis, that is, the methyl, ethyl, ~nzyl attl 2-trimethyl-

silyle~hyl esters are readily accessible by thlS method. The reaction has 

been shown to proceeè via' the silyl ester (based on 29Si-N.M.R. studies) • 

• 
3) The' reactivity of a series of elect'rophiles towards 1,3-b.ü-

trimethylsiloxy-l-methoxy-l,3-butadiene has been evaluated. The reaction 

•. sequ.es for the syntheses of a variety of dielectrophiles in a 1,2 

relationship hat ~n develaped an:l modified fran literature procedures. 

The relative arder of reaetivity has been shawn to be; 

T'ne nucleophilic enol ether reacts exclusive1y at the y-position with the, 
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. 
exception of the Il-chloro phenylsulfide electrophile. 

4) The dialkylation of l,2-electrophiles bas led to a novel routé to 

hydroxyc~clo~ntenon~s (2~arbamethoxy-4-hyàroxy-3-phenylcyclopent-2~en-
., tII 

one) which have the same substitution pattern as the prostaglandins 
~ . " 

skeleton, suggesting a possible route to these synthetically interesting 

canpoums. 

5) The mechanism of these dialkylations has been shown to proceed in 

a sequential manner (based on 29Si-N.M.B. studies). The eno1 ester reacts 

first at the y -posi tion to generate an intemediate which is chelated to 

the TiCl4 c~talyst. The thus -focned enol ether then reacts ta give the S­

membered ring (a deketalization occurs at sana intermediate stage in the 

reaction, SchEHÙe 4.2). 
TMSO OTMS 

~OCH3 
+ 

C/ 3Ti,····OTMS 

, 

o -...::: C02CH3 

y 
~ 

+TMSCI 

or~H3 

o 

Schema 4.2 

+ TMSCI 
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