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PART I

Stereochemical and Mechanistic Studies in a 

Biosynthetic Model System



INTRODUCTION

In recent years it has become possible to eliicidate the stereo-

chemistry of seme enzymically mediated reactions, at least with regard

to sabstiates and co-enzymes.- This has been due in part to improve-

rents in techniques for the isolation of enzyme systems and the growing

use cf cell-free preparations which are more easily handled under

reproducible conditions than whole plants or organisms. Spectacular

advances too have been made in the determination of the chirality of

.isotopically labelled substrates on a micro-scale*̂  and in the

preparation of stereospecifically labelled precursors for use in enzymic 
2reactions •

The most striking feature of enzymic processes is the high degree

of stereoselectivity which they exhibit and a very reasonable question

which arises is why such reactions should be stereoselective. In an

attempt to answer this question it is usual to state thal since proteins

are chiral then enzymes are also chiral and will possess active sites

and specific binding regions whicn wxll orientate a suitable substrate

in one preferred conformation in which reaction will occur> The

concept that use of a chiral reagent can induce chirality in the product

it forms with an achiral substrate is not a new one and has been put to
3effective use in the laboratory . However, the stereoselectivity 

exhibited in such processes does not match that of enzymic reactions 

which are commonly totally stereoselective. That enzymes are chiral 

does not necessarily explain their stereoselectivity since this may be 

attributable to selective binding of the substrate which is an essential 

prerequisite for catalytic activity. In general the catalytic group'i 

axe so disposed at an active site that they cannot allow the reaction
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on the substrate to exhibit the alternative sterec.^ecificity. Many 

non-enzymic processes also occur with high selectivity and the success 

of many "biogenetic type" syntheses of natural products has been quite 

remarkable. The formation of d,l~ma!l abarleanediol (l)̂ , for examp!). 

by’ cyclisaticn of v.he acyclic substrate {?.) requires the stereospecific 

formation of six chiral centres and yet the reaction proceeds ’.in vitro*

to the extent of 7°h* Many examples of similar cyciisations have now
5 6been investigated particularly by the schools of Johnson and van

7Tameten , and in many cases acceptable yields of complex cyclic compounds 

have been produced stereospccifically by a "irnple cation-initiated 

process. It seems possible that many enzymic transformations of a 

similar nature may be obliged to be stereospecific on purely ’chemical’ 

grounds, such as orbital symmetry or the steric requirements of chain 

folding in acyclic precursors. The very high yields of polycyclic 

compounds produced by cyclisation of long chain acyclic substrates, such 

as squalene-2,5-oxide, in enzymic systems probably reflect the ability 

of the enzyme to fold the chain in the correct gi*entailon for 

cyclisation, whereas non-enzymic processes depend very markedly on the 

conformation of the substrate in eol’->iion, end often the choice of 

solvent or initiator^ can affect critically the yield and the number of 

products formed.

That most of the reactions utilised by Nature in the production of 

secondary metabolites are stereospecific is consistent with the view 

that efficiency in synthesis r'-qnires steriospecificity. The /reometries 

of transition states will therefore be important and the relative 

disposition of interacting groups in a substrate will affect rate 

constants. It has been argued' that the most favoured pathways vul] be 

those in which maximum bonding is maintained through the transition 

state, and motion of aJl atoms involved in the reaction is kept at a 

minimum. In suggesting mechanisms for enzymically mediated reactions,
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3

comparisons with similar non-enzymic processes are often made. If

there exists a well-documented stereochemical course for a non-enzymic

reaction and a formally similar reaction occurs enzymically, then it is

tempting to assume a similar mechanism. Likewise, selection rules

derived from molecular orbital theories have been U 3 c d  as arguments for

and against proposed enzymic mechanisms. For example, in the trane-cis

isomerisation of aconitate^, Figure (l), stereospecific hydrogen transfer

occurs in a suprafacial manner. This is contrary to The Woodward-

Hoffmann Rules'^ for a concerted 1,3-sigmatropic shift and the

conclusion is therefore that the reaction ™ust be stepwise.

Interest in the comparison of 'in vivo’ and 'm vitro’ mechanisms

stemmed from the findings of the Comforth group that, (a), the

condensation of 3-methyl-2-butenyl pyrophosrhate (3) with 3-methyl-3-

butenyl pyrophosphate (4) proceeds with net syn stereochemistry"^',

Figure (2), and (b), the stereochemistry of the formally related process,

the isomerisation of 3-methyl-3-butenyl pyrophosohate (4) to

3-methyl-2-butenyl pyrophosphate (3) occurs with net arj-i. stereo- 
12chemistry , Figure (3j« Another r Iptel reaction (c), also of bio­

chemical importance, that of 1,4-eliminations, has been studied and the
13stereochemistry shown to be anti in the formation of chorismate from 

5-enolpyruvoyl-3-phosphoshikimate (5)» Figure (4). The stereochemistries 

of the two reactions investigated by Cornforth, both formally S„2'
ill

processes, have therefore been ^hown to be different, one being syn

and the other anti.

It is pertinent to examine the theoretical predictions for the

stereoeke.mistry of such reactions and to compare them with the observed

results. Orbital symmetry rules have been very successful in
10predicting the course of concerted reactions , particularly those 

which are electrocyclic in nature. An approach, similar to that of



4

Woodward and Hoffmann but claimed to be of greater generality, has been 

extensively developed by Pukii^^, in which orbital interactions of the 

highest occupied molecular orbital of one reactant and the lowest un­

occupied moleciilar orbital of the other are used to rationalise the 

stereochemistry observed in many chemical reactions. This method of 

orbital interactions has been extended to apply +o Ŝ 2' and S^2f 

reactions,’ and 1,4-additions to dienes, in all of which syn stereo­

chemistry is predicted. It is of interest tc note that Fukui, in a 

review of "The Selection of Stereochemical Paths by Orbital

Interactions" ^  in 1971» states that there is a preference for syn-
15stereochemistry in a concerted S^2’ reaction, while Anh in 1968

proposed a more qualitative view in which he concludes that the

reaction should be anti-if concerted and synchronous, and syn -if

concerted but non-synchronous. . Drenth^ has also carried out some

simple Huckel molecular orbital calculations for the S 2̂' reaction and

concludes that the stereochemistry should be syi making no comment on

concertedness but by implication assuming it„ While Pienth makes

reference to Fukui, neither Anh noi ^ ’kui comment on each other's

findings whi^h is strange since they appear to predict exactly the

opposite course for the same reaction, and it is therefore appropriate

to question whether the basis of their theoretical analysis is valid.

Of the many putative examples of the reaction recorded in the
17literature that of Stork and Y/bite is one of the few that may

actually qualify for the label, though the possibility exists that the
18reaction proceeds through an intimate ion pair • The three 

theoreticians quoted above all claim that the syn stereochemistry 

demonstrated in this reaction supports their predictions. Fukui and 

Drenth have no problem in accommodating this example by their theories 

but Anh is forced to propose a concerted reaction which is non-
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synchronous. If, as he suggests, approach of a nucleophile (n) to 

C-l of the allyl group, Figure (5), will be more favourable if there 

is some a - 0-3 bond breaking to create positive charge at C-l, tnen 

it is difficult to envisage the case in which a wholly concerted and 

synchronous reaction will occur,

A recurring problem in reaction mechanisms and. one posed by the 
tneories of Anh is the question of concertedncss and xho problem of 

experimentally establishing whether a given reaction is concerted or
19not . This problem is further compounded in enzymic reaction

mechanisms by the lack of knowledge abo- >.t which groups in the enzyme

participate in a given reaction. If theoretical predictions are to be

of any use in shedding light on such a problem then they must produce

a strict rule, for example, "if the observed stereochemistry is anti

then the mechanism cannot be concerted". Unfortunately although such

rules are highly developed for electrocyclic processes the more common

enzymatic reactions, such as those described above, do not fall into

this category and such theories as are available for these reactions

seem to be divergent „*.n their predictions. A reaction is usually

considered to be 'concerted' if there is equal bond making and bond

breaking in the transition state and such a process should require a

lower activation energy than the corresponding dissociation-

recombination process. Such a "definition" of 'concertedness' makes

the distinction by Anh of 'concerted reactions' into synchronous and

non-synenronous illogical and the reactions must either be concerted
19or non-concerted. HoY/ever it has been pointed out that although

a two-step reaction may not be energetically concerted (i.e. there

may exist a small minimum in the potential energy surface') it is not

inconsistent for such a process simultaneously to be bondingly ana
iqorbitally concerted. It has also b“en postulated ' that as the



Fig.6



6

number of atoms involved in a reacting system increases then the
- 1°activation energy required to contain an intermediate for 10  ̂sec

falls rapidly for any given internal energy, for example while 

27 Itcal mol " may be required for a 4-atom intermediate, only 

5 Kcal mol  ̂is required to contain a 14-atom intermediate for 

.0 sec.

In an extensive review on base induced 1,2-eliminations 
20Bordweil concludes that possibly one of the few cases of a concerted

elimination occurs in non-activated primary halides, such as

R-CH^-CH^-Br, although S^2 substitution is t^e predominant reaction

for such systems. All other base-induced eliminations can be

considered to merge imperceptibly into reaction types proceeding

through either cationic or anionic intermediates. Although conceptually

pleasing, a concerted mechanism demands a transition state of ordered

geometry and charge distributione If there is such doubt about the

concertedness or otherwise of 1,2-eliminations, there must be

even greater doubt concerning l,3-al3ylic substitutions or 1,4- 
18eliminations since they would even more extensive bond

ordering in the transition state. In an allyl system such as in 

Figure (6) there will be interaction of the if -bond with the allylic 

C-X 6 -bond, the magnitude of which will depend on the torsional angle 0 

being greatest when 0 = 0° or 180°. Tnis interaction, sometimes 

termed hyperconjugation, cause-* allylic bonds such as C-X to be weaker 

than the,> would be in a fully saturated system, and results in the 

moleculv.'* acquiring a small dipole moment. Intuitively it does not 

seem reasonable to expect that on approach of a nucleophile or 

electrophile to this system, there will not be considerable polarisation 

of the allyl system which will in cum affect the strength of the 

allylic bond C-X. Indeed many of the reactions of cC- alkyl allyl
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chlorides represented as occurring by an 5̂ 2* mechanism can be
18explained by a earbcnium ion type process and in support of this view 

it is observed that substitution of electron withdrawing groups on the 

allylic halide proven is an 3̂ 2' type displacement from occurring or 

forces it to proceed by a caibanion mechanism.

Consider now in detail the mechanism proposed for the three 

enzymic reactions and the arguments employed to substantiate them- 

The stereochemical course of T,he C-5 condensation process (a) was 

defined by the Comforth Group in a series of elegant labelling studies 

prior to 1966. They established that ( .) the pyrophosphate leaving 

group is expelled with inversion of configuration at the primary 

allylic carbon atom, C-l of (3); (ii) the new carbon-carbon bond is 

formed on the 4 re face of (4); and (iii) the 2-pro-R-hydrogen of (4) 
is lost to form the new trans-double bond as illustrated in Figure (2). 

Comforth favours a two step process for the following reasons.

(i) Since complete inversion of configuration at C l  of (3) is 

observed the condensation is not initiated by formation of the primary 

carbonium ion, unless rot. at ion about the C-2/C-1 bond in O) is 

prevented, or formation of the new bond happens before rotation can 

occur. The simplest interpretation based on comparison with non-enzymi 

substitution reactions would be to suppose that the two steps are 

concerted and the reaction is of the normal S^2 type.

(ii) It is possible to extend the idea of concertedness to the whole 

reaction, formally an Sg2f type, in which a continuous drift of 

electrons from the C-IL, bond of (4) to the C-l position of (3) isn
supposed, but this is deemed unlikely. If the electrons of the C-ll. 

bond are being used to form the new double bond in a concerted fashion 

then C-3 of (4) is having electrons supplied to it (for formation of 

the new double bond) and withdrawn from it (to form a new
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carbon-carbon bond) on the same side, and it would be reasonable to 

suppose this process would be less favourable than a mechanism where 

electrons are supplied to, and withdrawn from, opposite sides of 0-3- 

Clearly this dv,es not happen in practice -̂ inco this would lead either 

to formation o** a cis-double bond or loss of H , both contrary to3
observation.

A two-stage Mechanism was therefore proposed by Comforth in

which an electron donating group X participates (The X-group

mechanism). The nature of X is not specified but it could be, for

example, m  enzyme-bound water molecule, or the oxygen atom of a
21pyrophosphate group • The overall reaction then reduces to a trans- 

addition of the allylic group (3) and of X to the double bond of (4)t 

followed by a second stage in which and X are eliminated in trans­

fashion from the intermediate (6), Figure (7). ^hile these postulates

account for the observed stereochemistry they are open to criticism and
22other plausible schemes can be advanced . One objection to the 

X-group mechanism is that elimination of H-X leads to an isolated 

double bond, whereas most enzymic eliminations produce double bcnfs 

only if they are conjugated (for example, with C0£ or phenyl) and thus 

X must be a very good leaving group. However there is some evidence
23from another system to support an X-group mechanism. Voet and Abeles 

isolated an enzyme-X- j*> -Glucoside from the reaction of sucrose 

phosphorylase with sucrose, ii which a covalent glucosyl-enzyr.s bond is 

formed as shown by the fact that glucose is not released from the complex 

on treatment with acid or passage through sephadex. Since the glucose 

released in the normal enzymic process has the p -configuration it is 

concluded that the formation of the complex occurs with inversion at 

C-l of the glucosyl moiety, and a carboxyl group is advanced as being 

the most likely nucleophile, X, Figure (8).
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In general, however, formal bonding is not required between X and 

substrate, since if X has a full negative charge an intimate ion-oair 

would be sufficient. If the displacement of pyrophosphate from (3) 

is an S^2 process then the isolated double bond is acting as a 

nucleophile, which in the presence of other better nucleophiles, such 

as water, would not be expected to compete successfully for the potential 

electrophilic site. The implication therefore is that the binding of 

tne two reactants (3) and (4) on the enzyme must be in a well defined 

manner such that competition by other nucleophiles is excluded. If 

such restrictions on the relative dispositions of these reactants are 

imposed, then an Ŝ ,2’ process will require less motion than the X-group 

mechanism and is only objectionable if it is stereoelectronically 

prohibited.

In the related isomerisation reaction (b), the stereochemical 

course was established as anti by showing that the 2-pro-R-hydrogen of 

(4) is lost and that hydrogen is added to the re-fnee of the double 

bond in (3), Figure (4). A consecutive 1,2-addition and i,2-elimination 

does not explain the observed stercvch-mistry as it does above, and a 

wholly concerted addition-abstraction of hydrogen atoms has been 

proposed"^. In the 1,4-elimination (c), Floss has suggested^ that 

since the net stereochemical result is one of anti-elimination and 

previous theoretical predictions indicate that concerted 1,4-eliminations 

should occur in a syn-fashion‘d  then the process is non-concerted and 

may proceed by a syn-S^2* displacement of phosphate by attack of X at 

C-l, followed by a normal anti-elimination of HX, Figure (9). Thus 

Comforth on the one hand rejects a syn ST12' reaction on the basis of 

a wholly empirical view of the movement cf electrons in a transition 

state, while Floss invokes a syn S.,21 reaction to explain the observedjU
stereochemistry in chcrismate formation. Such a dichotomy of
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mechanism is inconsistent with a theoretical analysis of the 3 2'

and reactions since they are based on the same orbitals with

the same symmetry, the only difference being in their electronic

populations. It is interesting to note also that Comforth, while

suggesting a concerted mechanism for the isomerisation of (4) to (3)

on the same empirical grounds us®d to reject a concerted process for

(a), makes no reference whatsoever to the theoretical predictions

extant at that time. Clearly .then any px’edictions made about the

concertedness or non-concertedness of these reactions have no

justification from either a theoretical analysis or from comparisoii

with non-enzymic examples.

There appeared then to be a clear need to devise a non-enzymic

model system in which the stereochemistry of an 3̂ 2' reaction could

be determined and to compare the results with (i) the stereochemistry

observed in the corresponding enzymic reactions and (ii) the observed

stereochemistry in 3̂ 2* reactions, and this we set out to fulfil. A

survey of the literature revealed only one previous report of an 3_2'E
25reaction in which Felkin proposed that the openirg ci epoxides Iv

allylic Grignard reagents proceeded by such a mechanism, Figure (10).

"While the case ~vamined by Stork is taken to show that the S>T2'J N
reaction is syn in nature, no stereochemical study of the 3̂ ,21 reaction 

has been reported. By determining the stereochemistry of an Ŝ 2* 

reaction evidence for or agaii st the necessity to invoke an X- groun 

mechanism should be obtained, and in conjunction with the necessary 

experimental work on this problem molecular orbital calculations have 

been performed on several allylic systems in an attempt to obtain a 

more secure theoretical basis for those reactions than is available 

from the literature.
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DISCUSSYOF

(i) Selection of a. Nodel System

In order to define the stereochemistry of an 3̂ ,2’ reaction it is

necessary to determine (i) which hydrogen (H^ or H^) is lost from the

allylic position at C-3 and (ii ) the configuration at C-l in the product

to which the electrophilic group (X) becomes attached, Figure (11). To

distinguish between H. and Ĥ. requires that one of them, hut preferablyA -D
both, can he stereoselectively replaced by either deuterium, or 

tritium at tracer level. One of the simplest ways to achieve this is 

to incorporate the allyl system into a ring of defined geometry such 

that one hydrogen will become quasi-axial and the other quasi-equaiorial, 

and to choose a ring in which it is possible to stereoselectively label 

axial and equatorial positions in the allylic methylene group. By 

inclusion of the allyl group into a ring the problem of determining the 

configuration at C-l reduces to finding if X becomes attached in an 

axial or equatorial position. As is implied in the diagram it ?■ - "Iso 

necessary to have only one allylic methylene group available for reaction, 

since the presence of two would lead to unnecessary complications.

Having specified that- a ring system is reajuired, the model must be chosen 

so that there is a good chance that the desired reaction will occur. In 

general electrophilic attack on an isolated double bond lead= to 

addition across the bond, therefore an ulectrophile must be chosen such 

that neither its counter-ion nor the solvent is sufficiently ^oleophilic 

to add to the carbonium ion created by addition of an electroph.ile, or 

is prevented from so doing by steric restrictions.

By analogy with the enzymic condensation of (5) *nd (4)11 it is 

desirable to generate the electrophile in close proximity to the weakly
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nucleophilic olefin, and preferably in such a manner that it will interact 

with only one of the two olefinic carbon atoms, C-l. This is best 

achieved by an intramolecular process in which the electrophilic centre 

is generated at the end of a carbon chain of appropriate length. The 

partial structure (?) satisfies the above requirements. An important 

practical consideration in the selection of a model system is that it 

should be synthetically accessible in good yield. The steroidal substrate 

(8) therefore seemed an attractive possibility since it appeared that an 

unremarkable synthesis from cholesterol could be readily accomplished 

and it was known that the allylic 7cC ~ and 7@ - hydrogens inI
26cholesterol could be stereoselectively replaced by deuterium • The 

choice of an acetal as a potential electrophilic centre was based on the 

extensive work by Johnson^ on olefinic cyclisations. Our initial 

objective was to synthesise such a model system (8) from cholesterol and 

to subject it to conditions which might induce cyclisation to give a 

product or products of general form (9)«

(ii) Syr.thesis of the 01efin-Acetal(8), and its Oyclisatlon .

The most direct route from cholesterol (10) to the olefin-aoctal (8) 

appeared to be by way of cholest-4-ene (ll) followed by ozonolysis to 

give the keto-aiuehyde (12). If the aldehydic group in the keto-aldehyde 

could be selectively converted to the keto-acetal (13)» then reduction 

of the ketone followed by elimination of water should give the desired 

precursor (8).
27Cholesterol was converted to choL, estenone (14) by standard methods
29and the enone reduced to give cholest- 4-ene (ll) by the method of Brown 

with modification of the stoichiometry of the chlcroaluminium hydride 

used. Cholest-4-ene (ll), readily purified by crystallisation from 

ether-methanol, was ozonised in hexane at -78° and the resulting ozonide 

reductively cleaved using zinc in acetic acid. Attempts to isolate and
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purify the resulting cil by preparative layer- chromatography failed to

give a pure sample of the desired keto-aldehyde (12) due to its lability

on the absorbent, but the i.r. and n.m.r. spectra o^ the crude oil

showed features characteristic of a keto-aldehvcc ( 2720, 1730,ma,x
and 1710 cm \  Y  0.26). In a subsequent experiment the crude keto- 

aldehyde (12) was treated immediately with 1.1 equivalents of ethylene 

glycol in refluxmg benzene with continuous water separation in an 

attempt to form the keto-acetal (13)» However analytical t.l.c. showcu 

that a ma.ior proportion of the oily product consisted of very polar 

components with only a small amount corresponding to the expected 

polarity of the keto-acetal (13) t where two incompletely separated 

bands were evident. Attempted separation of these two components on 

preparative t.l.c, afforded only a small sample of each (< 5$ yield) 

still contaminated with a little of the other. These components were 

identified as the keto-acetal (13) and probably the diacetal (15) °n 

the basis of i.r. and n.m.r. data. Due to the high lability of the 

intermediate keto-aldehyde under basic or acidic conditions and the low 

yields of products obtainable, this route to the olefin-acetal (6) was 

not further pursued.

Hydroboraxiun of cholest-4-ene followed by oxidative work up was
29known to produce an equal mixture of cholestan-4-ones isomeric at 

C-5, which could be equilibrated under basic conditions to produce 

predominantly 3 cC - cholestan 4-one (16) and a trace amount of 

5 -chole3tan-4”One (17)« Baeyer-Vi. l.iger oxidation of these ketones 

and opening of the lactones produced therefore seemed an attractive 

route towards 4,5~sec°“'Clerivatives. The above ketones were obtained 

in high yield by this procedure and isolated by preparative t.l.c.

G.l.c. was used in an attempt to assay the purity of the samples 

obtained, however it was found that for samples homogeneous on t.l.c.
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two peaks appeared in each case, due v> equilibration on the column 

used. The 513 -isomer showed peaks at 2917 and 2975 (1:1) whereas the 

5 cL -isomer (16) gave the same peaks but in a ratio of 1:8, Since the 

5 cC -isomer is the more stable, the pesk with highest retention value 

may be ascribed to it.

Baeyer-Villiger oxidation of the mixture (9:l) of 5cC - and 5 f?> ~
7f-cholestan-4-ones using peroxytr'*fluoroacetic acid in methylene chloride' 

resulted in a mixture, th ' i.r. spectrum of which showed 5600-2500,

1785 '■ 740 cm  ̂and which appeared on t.l.c. to consist of an equal

mixture of a very polar and a more mobile component. It seems likely 

that under the acidic conditions esterification had occurred after 

oxidation of the ketone to give the trifluoroacetate (18) of the hydroxy- 

acid (21). To prevent this occurring the reaction mixture wa3 buffered 

using disodium hydrogen phosphate^ and yields of 85-90/̂ of the lactones (19 

and (20) were routinely obtainable. Opening of the lactones to give the 

corresponding hydroxy-acids (2l) and (22) was effected by stirring with 

methanol.i c potassium hydroxide, and the acids characterised by conversion

(i) to the hydroxy-esters (25) and (24) and then to the acetates ..2C') 

and (26), and (ii) by oxidation and methylation to give the keto-ester (27)

Attempts to introduce the A5 double bond met with difficulties.

Since the Baeyer-tfllliger oxidation proceeds with retention of

configuration the major proportion of the mixture of lactones produced

had the C-5/0 bond and equatorial (19)* An attempt to effect

elimination of the corresponding hydroxy-acid (2l) with phosphyoryl

chloride might not then seem too hopeful but there is precedent for

elimination of neo-pentyl equatorial alcohols by this reagent without
32- ,rearrangement (for example dihydrolanosterol — » lanosta -2,8-aiene )', 

however the major product obtained on reaction was the lactone (19).
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Similar treatment of the hydroxy-ester (25) with phosphoryl chloride 

afforded a complex mixture from which v/as obtained an unidentified 

methyl-ester in low yield.

Pyrolysis of the corresponding acetate (25) as a method of 

effecting elimination of the jB -hydroxyl group was then investigated. 

Passage of a small sample of the acetate (25) through a silica tube at 

570° packed loosely with glass wool resulted in recovery of the acetate 

and a trace of two components more mobile on ts1.c. Introduction of a 

larger sample into the tube by sublimation at reduced pressure allowed 

these two components to be isolated. The mvrp mobile component appeared 

to be an olefinic hydrocarbon and was not further investigated^ while 

the second component appeared to be an olefin-es+or

presence of one major component and a minor component as a shoulder on 

the peak. Encouraged by this result a preparative pyrolysis procedure 

was sought. By clamping the pyrolysis tube vertically in an oven a

nitrogen and the product collected in a receiver below. The results 

obtained were variable, depending critically on the rate of introduction 

of th» acetate solution, and to ensure maximum utilisation of the 

acetate several passes through the tube were required for each sample, 

which not only diminished the overall recovery of material but increased 

the proportion of hydrocarbon at the expense of the olefin-ester.

Elimination of the tosylates of equatorial steroidal alcohols by
53 34 35various methods have been reported * and our attention was next

focussed 011 this procedure. The to3ylate (28) of the f$ -hydroxy-ester (2 

formed readily in good yield but the corresponding ct -hydroxy-ester (24)

X  4.55(l.8H,q), 5.30(small)

which was still a mixture, and on g.l.c. showed the

solution of the acetuxe (25) coulld ue introduced dropwise in a stream of
VS'
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did not react so rapidly anu. in genera!) yields were some 30-40̂  lower.
56Adsorption of equatorial tosylates on alumina, studiea by Keakins'

37and ohor'pae' 1 ha1? been shewn to result in olefin formation, but

adsoiption oi the tosylate (28) on alumina for 80h resulted in.

recovery of half of the tcsyiato and a small amount of a component with

the same on t.l.c, as the olefin-ester obtained by pyrolysis.

Tosylate eliminations have also been carried out in dipolar aprotic 
38 39solvents and our next choice of conditions was to heat the tosylate

(28) in dry dimethylsulphoxide^ at 115° for 17h. This resulted in 

755b elimination to give apparently one product on t.l.c. corresponding 

to that obtained from elimination of the tosylate on aluminaj 

however t.l.c. on silver nitrate plates shov/ed the presence of at least 

three components and correspondingly g.l.c. showed three peaks in a 

ratio of 6:4:1 in order of increasing retention times. A pure sample 

of the desired olefin-ester (29) was obtained from this mixture by 

preparative layer chromatography on silver nitrate plates with multiple 

elution. This compound (29), characterised by its spectral properties 

was shov/n to be identical on g.l.c. to the major component from a?:oatc 

pyrolysis by cross injection. Impure samples of the two other components 

present in the rvi/iure were obtained. The first, probably a mixture (3;l) 

of the rearranged olefin-esters (30) and (31) was homogeneous on g.l.c. 

and t.l.c. The structure (51) is suggested from the n.m.r. spectrum,

'X 5*37 (d), which in fact is probably not a doublet but two singlets 
from the exomethylene protons. The is ..me c olef in-ester (30) is 

proposed to account for the presence of a vinyl methyl group ( 'X 8.38) 

and an apparent doublet at which collapses to a broad singlet or*

irradiation at the olefinic resonance (4»95'1T)« This doublet, which is 

not symmetrical, may well result from accidental equivalence of the 

methylene protons adjacent to the ester and those allylic to the double
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bond. The predicted structure for such a signal would be a singlet 

(from the methylene group adjacent to the ester) superimposed on a 

doublet (from the allylic methylene group which couples with the vinyl 

proton). Double irradiation experiments are consistent, with these 

proposals. The second component, also a mixture (5*1) showed the 

presence of a vinyl methyl group, a vinyl proton and a methyl ester 

but remains unidentified. Both of these impure samples correspond to 

the peak with shortest retention time on g.l.c. although the second 

showed a '~ra.ee of the component with longest retention time while the 

required delin-ester (29) corresponds to the central peak. Prom thit, 

elimination one structure has been established, two others are suggested 

and a fourth remains unidentified. Such a range of products was not 

expected but is readily rationalised in terms of the geometry of the 

tosylate (28) in which the 9tl0 - C-C bond is parallel to the departing 

jS -tosylate group. Migration of this bond as shown in Pigure (12) 

results in a contracted ring B, and proton loss from C-l or C-19 leads to 

(30) and (31) respectively. Conditions were then sought to minimise 

this competitive rearrangement and experiments were assayed by g.l.c.. 

Addition of potassium t-butoxide improved the ratio of products 

from 6:4*1 to dxy.l while refluxing the tosylate (28) in pyridine gave 

a ratio of 1.5*3*1 and use of sodium acetate in acetic acid^ resulted 

in a ratio of 2.5:2:1. Elimination in dry dimethylformamide however 

proved more encouraging giving a ratio of 2:;5»5*1* Lithium halides 

have been used as nucleophiles in apr.'+.ic solvents to effect reactions 

such as dcmethylation of phenols or ejters^2 and we were prompted by 

previous work^ to use lithium bromide in dimethylformamide.

Accordingly, when the tosylate (28) was treated with a two-fold excess 

of lithium bromide in dry dimethylformamide with lithium carbonate 

added to neutralise any acid formed, the product ratio improved
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markedly to 1.5*6:]t and on increasing1 the proportion of lithium 

bromide to a ten-fold excess the ■'"osired olefin-ester (29) was obtained 

as th° predominant product ( > 90$) in the olefinic fraction.

It seems likely that in dime thy 1 sulph^xide two processes are 

operating; (i) 3^2 dit?placement of tosylate by dimethylsulphcxide^

followed by trans-diax.ial elimirat.i on to give the olefin-ester (29) and

(ii) departure of the fi -tosy'J°+e assisted by concomitant C-C bond 

migration to leave a carbvnium 5on which can lose a proton in three 

ways, Figire (15)• Use of a better nucleophile, bromide ion, in 

dimethylformamide evidently competes strongly in the tosylate elimina ion 

with rearrangement, presumably by a similar mechanism of S>T2
li

displacement followed by elimination of HBr, and by saturating the 

solution with bromide ion the best yield of pure olefin-ester (29) was 

obtained.

Elaboration of the olefin-ester (29) to the olefin-acetal (8) was 

accomplished by unexceptional means, Figure (14)*

Hav5ng established this synthetic route from cholesterol,

summarised in Figure (l5)» further production of the olefin-ace a' 16,)

was carried out without purification of all intermediates and a yield

of 10$ of (8) obtainable starting from cholestenone (14). In one

such process an impurity was detected at the olefin-aldehyde stage,,

Analytical t.l.c. showed the presence of a minor component just

separated from the olefin-aldehyde (55). Isolation of this isomeric

rearranged aldehyde by preparative t. ..c. and spectral analysis

F» 5080, 2705, 1750, 1650 and 890 cm"1, Y o . 22(lH), 5.52(lH), and 5*52(lH L max
led to the proposed structure (54) in accord vith the previous suggestion 

of the structure (5l) for one of the rearranged olefin-esters arising 

from elimination of the tosylate (.28) in dimethylsulphoxide. In an 

attempt to confirm this structure the rearranged aldehyde (54) was



(35)

/?

R

// -tj 
/ '  r \

(36)

0

'O'
+•

-R

(37)

J C H

? 402 m/e 372

0 i

> 6 < l - o - ?* ■* V

H 288

Fig.16



19

osmylateci but instead of isolating the corresponding diol (35), work 

up t.nd evaporation of the benzene solution produced a very non-polar 

compound, homogeneous on t.l.c. but a mixture (2:5) on g.l.c.. The 

most probable explana.tion is that a mixture of ;*somerio internal 

acetals (36) and (37) were formed, part structures cf which arc 

illustrated. G.c.-m.s. studies of the mixture showed the two components 

be isomeric and in conjunction with i.r. and n.m.r. spectra are 

consistent with the proposed structures and the major fragment ions in 

the m.Sc are readily accommodated^ as sbo'T" in Figure (16).

Our next concern was to seek conditions which would induce

cyclisation of the olefin-acetal (8) to produce hydroxy-ecbers (9). Once
45more drawing on the work of Johnson stannic chlorj.de was chosen as the

Lewis Acid initiator and the cyclisation was initially attempted in

benzene; however this resulted in recovery of unchanged acetal as

judged by t.l.c.. On changing the solvent to nitromethane and mixing

the olefin-acetal (8) and stannic chloride in a r.dar ratio of 1:4

an intractable mixture was produced after 40 min. However mixing of the

olefin-acetal and stannic chloride (»:°) and quenching the reaction

after 15 sec gave a more promising mixture which on t.l.c. appeared to

consist of four major and a large number of minor components. G.l.c.

analysis of the mixture showed the presence of seven components. Before

g.c.-m.s. facilities became available simplification of the mixture was

attempted. In the belief that most of the products would contain a

p  -hydrv,::yether function and since there was the possibility of forming

epimers at C-4 and C-5 (a total of four such products) we attempted to

cleave the ether linkages to give the parent alcohols which could then

be oxidised to the corresponding ketones. Treatment of the crude mixture
45successively with toluene"4“sulphonyl chloride, sodium iodide and zinc , 

and finally Jones Reagent gave a mixture, Figure (17), which was even
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TAPiLE (2 )

Peak on g.l.c. 

Retention Lime (rrin)

m/e values and 

relative intensities

.s. data for the T.'t..!, Ethers

H I J K

6.6 10.7 12.65 26.25

502 (4) 502 (7)

458 (5) 460 ( n ) 487 (2) 487 (2)

443 (10) 445 (14)

568 (100) 370 (100) 563 (100) 568 (75)

353 (26) 355 (24) 555 (19) 555 (29)

313 (7) 315 (65) . 275 (100)

255 (25) 257 (50) 255 (22) 255 (20)

229 (17) 247 (30)

213 (20) 215 (55) 229 (10)

201 (33) 215 (14) 215 (15)

201 (52) 207 (15)

201 (10)
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more complex then that initially producer by cyclisaiicn of the 

olefin* acetal (8)!

Oi. obtaining results of a g.c.- m.r. analysis cf the cyclisation 

mixture, Table (l) it became eriaent that there war only one component 

of the mixture, formed in a minor amount, ^hich was isomeric with the 

olefin-acetal* To obtain further information about the other 

components the crude mixture wa ̂ treated with trimethylsilyl chloride 

so that any alcohols present could be characterised as the corresponding 

trimethylsilyl ethers* A g.c.-m.s. analysis of the silylated mixture 

was also performed and the results are listed in Table (2). Since it 

did not prove possible to isolate any pure compounds from the 

cyclisation mixture conditions were sought to optimise the proportion 

of material in the mixture isomeric with the olefin-acetal (8). It 

seemed possible that if the cyclisation was performed at lower temperatures 

then fewer products might result and a greater selectivity obtained. 

Solutions of the olefin-acetal in nitromethane could not be handled 

below 0° due to the limited solubility of the olefin-acetal and so 

methylene chloride in which it was freely soluble vas used.

A preliminary experiment using this solvent at 20° resulted in 

principally aldehydic material and was not further investigated.

However, a mixture of the olefin-acetal and stannic chloride (l:4j in 

methylene chloride at -78° resulted in a dramatic improvement and two 

components appeared sufficiently well separated on t.l.c. tc cllow 

isolation and g.l.c. showed the presence of only four major peaks,

Figure (18). A preparative scale (100 mg) cyclisation was carried out 

using a ratio of (l:20) and after chromatography two pure components 

were isolated from the cyclisation mixture in yields of 15/̂ * The more 

mobile band showed features characteristic of an unsaburated
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-hydroxyether [_ X>max 3530, 3010, 1645, 1098, and 1050 cm"1,

7T 4*38 (211,q), 6.38 (4H,m) and v .54 (lH,s) and the m.s. is also

consistent with such a structure, Pui Lher evidence that this compound

at C-4 and C-5. Hydrogenation using diimide afforded the dihydro-cornpcunci 

v/hich was not isolated hut trea4ed with toluene-A-sulphony1 chloride 

followed by sodium iodide and zinc. The saturated alcohol produced 

was shown to be identical (t.l.c., g.l.c., i.r. and m.s.) with authentic 

4oC -hydioxy~5 -cholestane (39)» A previous attempt to hydrogenate 

the hydroxy-ether (38) using palladium/charcoal resulted in formation 

of two products, one corresponding on t.l.c. to that produced by diimide 

reduction, and the other probably resulting by epimerisation at C-5 on 

the catalyst to give the corresponding 5 cC -saturated hydroxyether (40). 

Thus the hydroxy-ether (38) produced in cyclisation was shown to be the

4 oC , 5 -isomer as indicated. The position of the double bond, 

was deduced from the n.m.r. spectrum which shows the presence of a two

substantiated by deuterium labelling studies (see below). The second

The remaining components in the mixture were not investigated due 

to difficulties in separation of pure •'.omponents but some proposals 

about their identies can be made from Iheir mass spectral and

Table (l), are isomeric and from their retention times are probably 

hydrocarbons. These may well result from elimination of alcohols on the 

g.l.c. column since they are not present in the g.l.c. trace of the

wa.s the desired hydroxy- ether (3G) was obtainrd hy degrading it to the 

saturated parent alcohol, which also established the stereochemistry

proton quartet in the olefin-region ( 'X 4*38)» and this will be further

component, also an alcohol, was shown to be identical (t.l.c., g.l.c.,

~h,ydroxy-513 -cholestane (4l) and could

be oxidised to the known

chromatographic properties. The first three peaks (A, B, and C),
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corifispending ti-imothy isilyl ethers, and structures such as (42) and 

(4;) therefore seem likely. The fourth peak, D, shows M+ at 386 

and a base peak at 363 and it forms a TMS ether, E. These features 

seem best accounted for by the unsaturated alcohol (44) which could 

arise by loss of the ether fragment by intermolecular hydride transfer, 

'•'igure (19). Peaks E and P correspond to (41) and (33) which give TMS 

fthers I and J respectively, but peak G is rather difficult to explain. 

It has been shown that this peak corresponds to a non-polar component

on t.l.c., Figure (20),and yet it appears give a TMS ether. K. Ix

is possible that this compound is the aibeiryde (45) which could arise 

by hydride transfer, but to form a TMS ether cf this aldEhvde would 

require a further hydride transfer. Although these ideas may appear 

unlikely it is possible that on silylation of the mixture hydride 

could be supplied as shown, Figure (21).

Our main concern, however, was to be able to account for formation 

of the products we had definitely characterised. The hydroxy-ether (38) 

is readily explained in tirms of the desired 8̂,2* reaction, but the

occurrence of the saturated alcohol (*l) Wc-s at first perplexing. On

constructing a model of the olefin-acetal (8), it became clear that 

cleavage of the acetal by stannic chloride was possible in two ways, 

Figure (22), and depending on which C-4/oxygen bond is cleaved, the 

nroduct will contain the acetal residue in either the 4^* ~ or 4 jB -

configuration. However when 0-0 fission occurs to leave the acetal 

residue attached in a 4 |5 - configuration, a hydride transfer is

possible from the oC -carbon of the jS -hydroxyether to C-6 through 

a six-membered 1 chair*-like transition state (46;. This will afford 

the oxonium ion (47) which on quenching in water will hydrolyse to give 

the saturated alcohol (4l) via the hemiacetal (48), and it is possible 

that the complex appearance of thin layer chromatograms resulted from
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incomplete nydrolysis of this hemiacetal and its subsequent degradation 

on -.I.e.* A similar favoured transition state for hydride transfer is 

not available to the corresponding 4oC -isomer, Figure (23), and 

consequently the hvdro>y-ether (38) is formed by loss of a proton from

c-7.

An interesting feature of the i.r. spectra of 'authentic1 4 cc -and

4 p -hydroxy-5 P — cholestane is the appearance of a shoulder on the

‘free - OH1 adsorption. The 4<£ —isomer (3?) shews a shoulder to

higher wave number ( S) 3640 sh ar*d *630 cm while the converse is^ max
true for the 4 ft —isomer (4l) ( ^ max 2o2b and 7604 sh cm )̂, and ti-*’? 

may reflect the energies of different rotameric positions for the 0-H 

bond in these compounds, but in any case it provided a quick method of 

differentiating between the two isomers.

Having established the conditions for cyclisation to give the 

desired hydroxy-ether (38) and having proved its structure, we then set 

out to demonstrate that (i) a hydrogen atom from 0-7 was cleanly lost 

and (ii) that there was no scrambling of hydrogen during the reaction.

(iii) Deuterium Labelling Studies Apparent Conclusions

Deuterium could be readily incorporated at C-4 by reduction of the 

olefin-ester (29) with lithium aluminium deuteride to give the dideuterio- 

hydroxy-olefin (49) which was elaborated to the 4-deuterio-olefin-acetal 

(5l) as before. Cyclisation of this acetal (-51) gave the deuterio- 

hydroxy-ether (52) and 4oC -denterio-4 J3 -hydroxy-5f$ -cholestane (53) 

with complete retention of deuterium at C-4.

To label the 7-position it was our intention to reduce the 

corresponding ennn-̂ -ester (54) with dichlocoaluminium deuteride. Allylic 

oxidation of the olef in-ester (29) using N-bromosuccinimide in moist 

dioxan according to Thomson^ resulted in the production of two compounds 

neither of which was an enone. The major component was identified as
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the bromu-koto-ester (55) [ ̂ max 1740, 1720 erf1, X  6.10 (lH,s),

6.4- (3H,s), Pi 512 and 510] and the minor component the corresponding 

alcohol (,56). It is clear that under the conditions used bromohyarin 

formation had occurred; followed by oxidation o f (56) by 

N-bromosuccinimide to give the brorno-keto-ester (55/* and a more recent
A 1

jublication by Mazur confirms this as being the more common °ourse of 

reaction under these conditions. However use of anhydrous sodium 

chrcmate effected the desired transformation and gave a mixture (5:1) 

of the enone-ester (54) and an isomeric enone-ester (57) characterise1 

by its n.m.r. spectrum which exhibited a Sale. ' allylic coupling (3-Hz) 

on the limbs of the quartet arising from the vinyl protons. The enone- 

ester (54), purified by preparative t.l.c. wa3 reduced as described using 

dichloroaluminium deuteride to give the tetradeuter.io-hydroxy-olefin (58) 

which was converted to the trideuterio-olefin-acetal (60) an described 

above. Cyclisation of this substrate (60) afforded a dideuterio- 

hydroxy-ether (6l) which clearly showed the presence of a vinyl deuterium

^  2235 c m ^ 4.43 ^lH,d) and the complete loss of one deuterium
L max J

atom in the cyclisatii cn, which consi.itntes additional proof that the 

double bond in the hydroxy-ether (38) Is • The corresponding 

4 j3 -hydroxy-5 |3 -cholestane (62) was shown to retain its deuterium 

completely and although it cannot be stated with certainty, it seems 

probable that it is retained at C-7 in accord with the mechanism advanced 

for its formation. Thus we had established, that 

(i, an S^2* process occurs,

(ii; a proton is lost from C-7* and

(iii) the electrophilic group (C-4) becomes attached from the

oC -face, and it now remained to determine whether there 

was any stereoselectivity in the proton loss from C-7*
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To complete the investigation two stereospeci.fically and

iso -.opically C-7 labelled olefin-acetals were required. It was known 

that cholesterol could be stereospecifically labelled at C-7 by

i ivolving protonation of the enol form of 3 j3 —acotoxy— 6— oxo—

cholestane as outlined in Figure 2̂5). However our experience in using

dich]oroaluminium hydride for the reduction of encnes and the known

preference for oC -attack at C-7 in ste1" p r o m p t e d  us to try using

the corresponding deuterated reagent for reauctior of the dihydroxy-o-in

(63), readily available from the corresponding enone-ester (54) hy

lithium aluminium hydride reduction. Reduction o2 (65) did in fact

produce a monodeuterio-hydroxy-olefin (64) but we were unable to determine

precisely the distribution of deuterium label between the 7cC -and

7 jS -positions. The n.m.r. spectrum of (64) showed the same basic

pattern for the olefinic region as the unlabelled-''impound (32) with the

exception that the lowfiePd limbs of the olefinic quartet were not so

well resolved. An attempt to pholo--^xygenate the olefin-acetal (8) to

establish an analytical procedure for estimation of the 7oC -proton

failed and we then had to revert to cholesterol, photo-oxygenation of
49which is known to be specific for the 'JoC -proton , to introduce a 

label at C-7. A sterioselective introduction of deuterium at C-7 was 

achieved by reduction of 7 j3 -hydroxycholesterol with dichloroaluminium 

deuteride, the procedure and deuterium analysis of these compounds are 

fully discussed in Part II.

clearly shows the removal of the 2.5 Kz vicinal coupling between the 

C-6-and 7 R -hydrogens, and also that the C-5 proton retains an allylic

incorporation of 2R-2- -mevalonic acid using a preparation of 

rat-livor slices^8, Figure (24), or by the method of Corey26 

The 7 |5 -deuteriocholesterol (65) (97$ 7 j3 -<*) was converted to 

the corresponding 7 j3 -deuterio-olefin-acetal (66) by the route 

described, and the n.m.r. spectrum of this compound, Figure (26),
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coup!li.no wfiich the C-6 proton does not have, by comparison of the

he t:.-band width of the signals ( %  3Hz and 2Hz respectively).

Cyclisation cf this acetal afforded a hydroxy-ether (67) ( > 9t$ • ^  )

and which showed a vinyl deuterium ( *)) 2230 cuf'1).max
Our immediate conclusion was therefore that this S_2' reactionE

proceeds stereospecifically with syn stereochemistry, by loss of the 

7 -hydrogen and formation of an oC -C-4/C-5 bond. About this time, 

however, we became concerned lest the 7oC -proton was being abstracted 

in an intramolecular process in which the oxygen atom of the potential 

-hydroxy-ether might participate as shewn (69)# To allay these 

fears we determined to find conditions for cyclisation as different as 

possible from those described, to show that for a different leaving 

group, solvent, and initiator, the stereochemistry of the reaction 

remains constant.

The use of trifluoroethanol as a suitable solvent for cyclisation 

of acyclic olefinic-sulphonate esters has been described by Trahanovsky 

and Doyle^. Trifluoroethanol is a useful medium for ruch reactions 

since (i) it is a good ionising so'U^rt thus promoting the cleavage 

of sulphonate esters to give carbonium ions, and (ii) it is non- 

nucleophilic and therefore allows the olefinic double bond to compete 

favourably with solvent for the carbonium ion centre. The 

p-bromobenzene sulphonate ester (brcsylate) of the hydroxy-olefin (32) 

v,as therefore prepared and refluxed in trifluoroethanol for 3 days in 

the presence of urea (to neutralise any acid formed). A small yield 

of hydrocarbons was obtained consisting of one principal component,

5 ̂8 -cho 1 est.-6 -ene, identical with an authentic specimen on t.l.o.,

g.l.c. anim.s. The yield of hydrocarbon from solvolysis of the 

brosylate (70) was improved by conducting the reaction in a sealed 

tube at 105° for 40h, and again 5 -cholest-6-ene was the predominant
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product, in the hydrocarbon fraction.

The sample of 7^C -deuteriocholesterol (71) (82.5% 7oC -d,

17.5% 7 /3 -d) was converted to the 7oC -deuterio-hydroxy-olefin f?2) 

by the usual route and the n.m.r. spectrum showed that C-7/C-6 

coupling1 was still present as expected. Figure (27^. Conversion of 

(72) to the corresponding brosylate (73) and cyclisation in a sealed 

tuho afforded a hydrocarbon fraction, predominantly 5 |3 -cholest-6-ene 

(74) which was 16.5% d^, 83*5% d^ by mass spectrometry.

Thus the stereochemistry of this S^2f reaction is also syn and :s 

less likely to involve internal abs brae'•■ion of the C-7 proton by the bro.iy- 

late group, since on cleavage to form a carbonium ion at C-4 the oxygen 

atoms will have moved away from the steroidal fragment and no transition 

state for proton removal in a cyclic process is available, Figure (28).

Our initial conclusion was therefore reinforced by this second example.

Since theoreticians differ in their predictions for the stereo­

chemistry of the 3 ^ 2 ' reaction depending on whetner it is concerted or
ill

not, it 13 of interest to speculate on the timing of bori breaking and 

formation in the present, examples. Cleavage of the acetal in (8) by 

stannic chloride, possibly assisted by the other oxygen atom will 

generate the initiating carbonium ion (75) °r oxonium ion v76) as 

shown in Figure (29)* Circumstantial evidence that the C-7/H and 

C-4/C—5 bonds do not cleave and form concertedly is available from the 

isolation of the saturated alcohol (4l) ar a cyclisation product. If, 

as suggested, this is produced by an internal hydride transfer process, 

then C-^/C-5 bond formation must have advanced considerably before 

this occurs. It is likely that the initial C-4/Cxygen cleavage can be 

assisted by participation of the second oxygen atom as mentioned above 

or by the formation of the new C-4/C-5 bond and concomitant development; 

of positive charge at C-6. While it is possible to write an electrocyclic 

reaction for hydride transfer to C-6 (77) the geometry of the transition
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state is no I so favourable as that in (76̂  where C—4/C-5 bond formation

accompanies C—4/oxygen cleavage* Not only does this mechanism produce

a hector transition state geometry for hydride transfer, but it has

the addud advantage of positive character at C-6 and a lone pair of

electrons on the oxygen atom available to assist transfer as previously

indicated in (4o)» If as suggested formation of the C-4/C-5 bond

precedes hydride transfer in formation of the alcohol (41) then it is

tempting +o suppose that in the cyclisation of the olefin-acetai (s)

to produce the hydroxy-ether (38), a similar timing of events occurs md

that the C-4/C-5 bond forms in advance of C-7/H cleavage. This need

not necessarily be so, but in the light of arguments previously 
51advanced it is felt that the cyclisation is probably not - concerted.

If the above findings are generalised to include the enzymic 

condensation of C-5 units, then it is clear that an X-group mechanism 

is not required to explain the observed syn-stereochemistry, but that 

an alternative explanation is required to explain the observed anti- 

isomerisation of 3-roethyl-3-butenyl-pyrophosphate (/).

(iv) Limitations of the Model System and Attempts to Surmount Them 

A more critical examination of the choice of a model system 

revealed two basic limitations;

(i) the 7oC -and 7J3 -protons are not equally disposed 

with respect to the yf-system, and 

(ii) the side chain carrying the potential cationic site 

can only approach the olefin from the cC -face due

to steric restrictions.

This is not a satisfactory situation since it does not allow a 

choice in the mode of approach of the cation to the olefin, and 

because of the different angles the 7oC -and 7^ -pro cons make with
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the plane of the lobec of the jf~system (25° and 52°) it may well 
have a buijt-in discrimination in favour of loss of the '/oC -proton 

<iUc.‘ sjyj the greater ability of the bond to conjugate ?/ith the

ojefin. However ii oroit^J syiriuit-try is the controlling’ feature in 

the stereochemistry of cyclisation, and if the stereochemistry of 

' reactions is generally syr then cyclisation of the analogous 

lOcC -methyl-olef in-aeeta,l (80, should resulo in los3 of the 7j3 ” 

hydrogen and formation of a new /3 - C-4/C-5 bond (79). As in the 

above model the side chain would again be constrained to approach the 

olefin in only one direction, but this time from the jS -face. It was 

our intention therefore to synthesise this 10 cC -methyl-olefin-acetal 

(80) and attempt similar cyclisations.

The 10 oC -methyl steroids are synthetically more difficult to 

prepare than their 10 -isomers due principally to the eclipsing of 

the 9 oC -hydrogen and 10cf -methyl groups. The plan was once more to 

use cholesterol as starting material and to invert the configuration 

at C-10. There are two obvious ways in which this might be 

accomplished;

(i) by removal and replacement of the 10 -methyl 

group, or

(ii) by removal and reconstitution of ring A, 

and it was the latter process which was first investigated since 

our interest was in 4» 5”seco”(̂e:civa'bivc>'Cii Examination of the 

literature revealed that the degradation of ring A of cholesta-l,4“ 

dienone (81) had been reported^ and the product, the so-calxed 

Inhoffen Ketone (82), identified. The yield of this ketone (32) 

produced by ozonolysis of (8l) was very small (^10^) and subsequent 

investigations by Robinson"^ effected only a slight iiiiprovement.
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In the same publication Robinson reported, on the synthesis of the 

ke-o-acid (83) from lnhoffen Ketone, Figure (30), and found that the 

10 p -metbyl-keto-acid (83) v;as the principal product formed on 

condensation of (84) with acrylonitrile followed by hydrolysis, with 

less than VfJ» of the reaction mixture being: possibly ascribable to the 

10 oC ^methyl isomer (85). If this route were to be of use in synthesis 

of 10oC -methyl derivatives then clearly better yields of the ketone 

(82) were required and modification of the condensation reaction was 

also necessary.

It was found that ozonolysis of chulco^-l^-dienone in various

solvents at room temperature led to a number of products on oxidative

work up. The keto-aldehyde (86), keto-acid (87) and the unsaturated

keto-acid (88) were the most prominent but some lnhoffen Ketone was

also detected among the several other minor products. In general

this procedure proved unreliable and consistent yields of products

could not be obtained. Ozonolysis of (8l) at -71° resulted in rapid

formation of the ozonide (89) identified by its spectral properties,

h> 3020, 1805, 1685, 1100, and 700 cm-1, T 4.O6 (lH,s), 4.18 (lH,d), L max
and 4.69 (lH,s)] and by its decomposition to give (88).. The n.m.r. 

spectrum shows a small coupling on the peak at 4.18'X and this is 

most 3ikely due to coupling across the keto-group and the resonance at 

4.69~tT , although a singlet is broadened compared to that at 4.06 X,

Attempts to induce retro-.Mdolisation with the keto-aldehyde (86) 

or to decarboxylate tie keto-acid (87) resulted in a poor recovery of 

lnhoffen Ketone along with much polar material, however the unsaturated 

keto-acid (38) could be obtained in high yield from the ozonide (*9) 

by refluxing in acetic acid. Means were sought to effect degradation 

of (88) without success and further ozonolysis of the corresponding
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ester (90) proceeded slowly and resulted in mixtures. C'-smylation of 

the douolc bond .in (90) using catalytic quantities of osmium tetroxide 

in ihs presence of sodium periodate failed, br.t a paper by Caspi^ 

gave hope that the dienone (8l) might be degradable to the ketone (82) 

by use of ruthenium tetroxide. After experimentation with this oxidant 

yields of lnhoffen Ketone were no better than those achieved by ozonolysis 

and work on this scheme was discontinued.

Two methods for removal of the 10 -methyl group were
55 56investigated. The first, a dienone-phenol rearrangement gave the

acetate (91y from the dienone (8l) in near quantitative yield, by 

treatment with concentrated sulphuric acid in acetic anhydride, and was 

readily converted to the methyl-ether (92). Reduction of this ether 

U3ing lithium in e thyl amine ̂ 9 ̂  afforded the olefin (93) where an

lithium in ammonia gave no reaction. This olefin was of little use 

since it lacks suitable functionality to allow elaboration to the lOoC- 

methyl series, while one of the expected products of Birch reduction, 

the ketone (95)* could in theory be cleaved by ozonoDycis and 

methylated at C-10 to give 4*5-seco-10oC -compounds. However reductive 

elimination of J-19 is also possible by use of lithium and biphenyl in 

tetrahydrofuran^. Treatment of the dienone (8l) with this reagent 

afforded the 3“phenol (96) which can be directly reduced to the 

3oC -hydroxy- A 5-10 -olefin (97) in high yield using a large excess of 

lithium in ammonia^. In a synthesis of ICoC -testosterone, Ginsig and 

Cross * effected a stereospecific Simmons-Smith oC -methylenation of 

a 3 oC -hydroxy- /\^*^ olefin system in high yield. However this 

reaction involved the use of a sealed tube and high temperatures 1̂00 ) 

and in our hands reproducible conditions could not be found for the 

reaction of (97) with methylene iodide and zinc/copper couple although
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there was some evidence of cyclopropyl ri’-g formation 

[ T 9-42 (d, J4Hz) and 9.71 (d, J4Hz)].

Ciiice it is believed that the $oC -oxygen directs approach of the 

reagent to the double bond, but has in fact an equatorial configuration, 

the high temperature is probably required to change the conformation 

of ring A so that the hydroxyl becomes axial. To obviate the need 

for high temperature and pressure it was proposed to attach a small side 

chain to the JcC -hydroxyl group which might still direct the methylene 

reagent but at a lower temperature. A jS -hydroxy-ether function (98' 

seemed besr suited since it could be readily removed after reaction, 

but attempts to O-alkylate the 3-hydroxyl with ethylene oxide failed, 

as did an attempt using ethylene glycol-monotosylate-tetrahydropyranyl 

ether which probably resulted in tosylate elimination by the 3oC “ 

alkoxide. A further attempt using jS -propiolactone also resulted in 

failure, again probably due to competing elimination but reaction with 

ketene-dimer gave the adduct (99) which was readily reduced to the 

hydroxy-ester (lOO). Unfortunately Simmons-Smith me+^ylsnation of 

this compound failed to give any cyclopropyl derivatives. The 

remainder of Ihe proposed synthesis is outlined in Figure (3l)«

The failure to obtain a 10oC -methyl derivative for cyclisation 

was disappointing, but about this time cur theoretical studies of the 

S-,2' process were coming to fruition and they caused us to reconsider
Jii

the reaction in a new light.
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(v) Molecalar Orbital Cul culations

With the advent, of modem high speed computers in the late 1960’s

it became possible to calculate molecular orbitals for relatively

complex mojecules by use of various semi-empirical approaches, such

as ’Complete Neglect of Differential Overlap’ (CNDO) and ’Intermediate

Neglect of Differential Overlap’ (INDO). Since all previous ideas

pertaining to the S^2' and ^ 2 ’ reactions were advanced before this

period the present study is by far the most reliable to date. The

calculations, results of which are described below, were performed

on an IBM 370/155 computer using a program made available by Pople^

for calculation of molecular orbitals using the INDO parameterisation.

This program allows up to 55 stems to be includes in a molecule and

uses as a basis set the valence atomic orbitals of the component atoms,

that is 2s, 2p , 2p , and 2p for carbon, nitrogen and oxygen and Is x y z
for hydrogen. Puller details of the calculation procedure are 

described in the appendix.

The failure to produce the 10 cf. -methyl acetal (80) for 

cyclisation denied us the opportunity to test experimentally whether 

the S„2’ reaction would proceed with syn stereochemistry in spite of
iii

the fact that the allylic C-H bond to be broken was less favourably 

oriented with respect to the TY-systoni (see above). Our initial 

objective therefore was to construct a model of the olefinic part of 

the ace far (8) and to discover what changes in bonding occurred in the 

allylic system on allowing a positive charge to approach perpendicular 

to the plane of the olefin. In all calculations in which a cyclohexene 

system was used the ring was placed in a coordinate system, Figure (52), 

such that the double bond lay in the x,y-plane with the pz orbitals 

forming the -yf —system, and the ring was assumed to be in the halt-chair



TABLE (5) 

Bond Indices

Molecule Bond Index

CH.4 C - H 0.96?

C2H6 C - H 0.981

C2H4 C - H 0.979

C2H2 C - H O.964

ECHO C - H 0.918

C2H6 C - C 1.023

C2H4 C = C 2.032

c2h2 r\•w/ -- C 2.r'8f

HCHO C st 0 1.997

Source Ref,64.



TABLE (4)

Approach cf CH +̂ to Trtmethylotby 1 cyclch exune

Table of Bond Indices

Bond Distance of methyl group from C - 1 (A)
oO +3-0 -3.0 +2.5 -2.5 +2.0 -2.0 + 1.558 -1.535

3 - 4 0.952 0.951 0.954 0.948 0.953 0.948 0.951 0.95'1 0,949

3 - 5  0.945 0.939 0.943 0.931 0.942 0.924 0.937 0.926 0.940

2 - 3 1.038 1.044 1.038 1.051 1.040 1.061 1.044 I.04C 1.037

1 - 2 1.934 1.832 1.932 1.691 1.907 1-494 1.744 1.317 1.374

1 - 6 0.096 0.002 0.248 0.019 0.488 0.183 0.686 0.597
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conformation with all bonds 'staggered’ where possible. The basic 

ajproach used to calculate whether there i3 any preferential stereo­

chemistry for the 5L.2' end Ŝ T2’ reactions was to Veep the geometry of 

the olcf.inic system fixed and to allow a group to approach the double 

bond at CM in the z-diroction from either above cr below the x-y-plane.

7ne effect of allowing an electrophile or nucleophile to approach the 

d ruble bond was monitored at various arbitrary distances ranging from 

3.0 to 1.1 1 above and below the x,y-plone. A measure of bond 

weakening and hence chemical reactivity of the allylic hydrogen atoms
64was obtained by calculating the Bond Indices from the density matrix, 

for example a bond index of 1 would correspond to a "pure covalent-two- 

electron-bond" and a value of 0 a "purely ionic bond". Examples of 

bond indices previously calculated for some small molecules are listed 

in Table (3). The model system is therefore also physically reasonable 

in that all that is assumed in the calculations is the geometry of the 

molecule which could be varied at will. In the calculations a positive 

charge is ascribed to the °omplete molecular system as necessary fox 

approach of a methyl group or prefer ?>nd it is a measure of the 

accuracy of the calculations that the major part of the charge is found 

to be located on these groups.

To simulate as closely as possible the olefin-acetal cyclisation

a planar CEL group was allowed to approach C-l of trimethylethylcyclohexene, 
3

Figure (33)* from above or below the x,y-p±ane. The results from 

calculations on this system are listed in Table (4) which shows the 

bond inlices for the two allylic C-H bonds, the olefinic double bend 

and the new bond which is forming between the incoming methyl group and 

C-l. From the Table it can be seen, in common with ideas about 

hyperconjugation65, that in the isolated cyclohexene system the bond 

which is more nearly eclipsed with the p^-orbitals, C-3/H-5* is weaker 

than its geminal partner C-3/H-4* Cn placing a planar CH^ group either



TABLE (5)

Approach of TI' to Trirnethylethylcyciohexene
t

Table of Bond Indices

Bond Distance of H+ from C -
0

3 (A'
+2.5 -2.5 +1.5 -1.5 +1.3 *'l« ̂ 1 1 -1.1

3 - 4 0.945 0.954 0.941 0.949 0.942 0.932 0.943 0.935

3 - 5 0.917 0.943 0.906 0.921 0.905 0.916 0.904 0.917

2 - 3 1.064 1.059 1.076 1.066 1.077 1.074 1.077 1.071

1 - 2 1.650 1.909 1.398 1.471 1.375 1.376 1.364 1.A 08

1 - 6 0.255 0.021 0.548 0.465 0.560 0.621 0.637 0.560



above or dolow the double bond in the plane of p at C—1 and giving 

tha whoDe system a positive charge, it can be seen most markedly that 

it is the 0-5/)!-5 bond which weakens in both cases and this trend is 

continued as tue me thy.?, group is allowed to approach c] oser to C-l 

whereas the C-4/H-4 bond index remains nearly constant* It is evident 

also that approach from above the plane would, appear to cause bond 

weakening to a greater extent than from below, and at first glance 

this might then seem to be a case for proposing that anti substitution 

is favoured over syn. This cannot be derhio^ from this particular 

model since as a result of the geometry of h.z model system chosen 

there is severe interaction of the incoming methyl group with the 

ethyl-side chain, (for example at 2.5? below the plane of the olefin, 

one of the hydrogen atoms of the methyl group gets to within 0,6?. of 

hydrogen atoms on the ethyl side chain) and since this would never 

occur in a reasonable physical situation, any calculations performed on 

this system will not apply to the real reaction changes in

conformation would result before the groups could become so close.

In an attempt tc remove this r.-ĉ *-icism the calculations were 

repeated, only this time allowing a hydrogen atom to approach 

perpendicular to C-l. The effects of this change are twofold;

(i) there is more positive charge concentrated on the hydrogen atom 

than on the carbon atom of the methyl group used above, which could 

spread the charge over three hydrogen atoms, and therefore the bond 

indices c*re affected to a greater extent, Table (5) 5

(ii) although interaction with the ethyl side chain has been reduced 

there is still mere steric hindrance from below the plane than from 

above. The general trend in bond index is however the same as for 

approach of a methyl group; viz, it is the C-H bond most nearly
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(106)



TAP,IE (6)

Approach of H+ to Propone (i)

Tahle of Pond Indices

Bond Distance of H+ from C - I (a )
oO +3.0 -5.0 +2.0 -2.0 +1.5 -1.5 +1.1 -1.1

3 - 4  0.973 0.96? 0.962 0.965 0.960 0.966 0.953 0.966 0.955

3 - 5  0.973 O.963 0.962 0.963 0.965 0.962 0.966 0.959 O.967

3 - 6  0.962 0.912 0.913 0.916 0.920 0.916 0.921 0.921 0.919

2 - 3 1.053 1*089 1.089 1.096 1.095 1.100 1.099 1.10.4 1.102

1 - 2 1.990 1.671 1.670 1.500 1 c-9 1.408 1.407 1.484 1.420

1 - 7 0.338 0.333 0.503 O.5O8 0.617 0.617 0.685 0.685



TAPLB (7)

Approach of ){+ to Propene (ii)

Tahle of Pond Indices

Bond Distance of H+ from C - l (A)
£>6 +5.0 +2.75 +2.5 +2.0 +1.5 +1.1

3 - 4 0.965 0.928 0.930 0.931 0.935 0.937 0.937

3 - 5 O.965 0.928 0.928 0.928 0.928 0.927 0.924

5 - 6 0.976 0.978 0.978 0.978 0.978 0.977 0.977

2 - 3 1.055 1.092 1.094 1.095 1.099 1.103 1.107

1 - 2 1.987 1.671 I.636 1.595 1.500 1.407 1.36]

1 - 7 - 0.332 O.366 0.407 0.507 0.616 0.684
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eclipsed with the 1^-system that weakens preferentially no matter 

w* ether the .incoming group approaches C-l from above or below.

To fully substantiate this trend by calculation require-i a system

in which there is no steric restrictions i*ô  approach of an

eleotrophile to C-l. The simple propene model (105) therefore seemed

io be ideal and calculation of the molecular orbitals for this system

levealed that the G-3/H-6 bond, deliberately chosen to be in the plane

of the pz orbital on C-2, is weaker than the two other allylic C-H

bonds which are equally disposed with respect to the p -orbital onz
C-2, Table (6). On placing a hydrogen atom at various distances 

perpendicular to C-l and giving the whole system a positive charge it 

is strikingly obvious that the C-3/H-6 bond is weakened considerably 

whereas the other two allylic bonds weaken only slightly. Again it is 

very clear that the direction of approach of the electrophile to the 

olefin is unimportant, either resulting in the same degree of bond 

weakening in the C-3/H-6 bond.

It next seemed appropriate to investigate the situation (106) 

in which the two allylic C-H bonds i-ue equally disposed with respect 

to the x,y-plane. In this situation calculations revealed, Table (7), 

that the bond index of the C-3/H-6 bond remains constant and that the 

other two allylic C-H bonds (C-3/H-4 and C-3/H-5) are weakened with a 

slight preferential weakening of that bend anti to the incoming group. 

This would be expected on simple electrostatic grounds, since in the 

absence of any preferential bonding with the 1^-system, maximum charge 

separation will lead to a more stable arrangement and this an incoming 

positive charge at C—1 would create positive cnarge on the opposite 

side of the molecule at C-3»
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The conclusions from these calculations are that (i) the

direction of approach of the electrophile to the olefin in an S.n2»

reaction does not control the configuration from which the allylic 

substituent .is lost except- when the allylic groupn are equally disposed 

about the plane cf the double bond, and (ii) the a.llylic bond which is

broken in an Sp?1 process will be that which is more nearly eclipsed

with the p -orbital of the neighbouring carbon atom. It therefore 

seems reasonable to suppose that it will be steric factors which will 

control the approach of the electrophile ic the double bond, and 

consequently it is not surprising that in otu own experimental examples 

of an Sg2’ reaction syn stereochemistry was observed. The above 

proposals do allow a prediction to be made about the stereochemistry 

of cyclisation of the corresponding 10cC -methyl-acatal (80) and on 

the above basis cyclisation should lead to an overall anti stereochemistry 

by formation of the C-4/C-5 bond on the jB -face and loss of the 

7oC -proton, in contrast to our previous expectations.

Since the 3>T2' reaction is superficially similar to the S„2’N &
reaction, it might bo expected that the saiL° factors would also control

the stereochemistry of this reaction. To test this idea by calculation
17we chose to examine the example of Stork and Y/hite in which 

piperidine was used to effect an 3̂ 2* substitution on the dichlorobenzoate 

of trans-4~methylcyclohexen-3-ol. Since the program could only cope 

with 35 atoms we chose a3 a mcl-1 the interaction of pyrrolidine with 

4-methylc/clohexen-3-ol in which the nitrogen atom was allowed to 

approach perpendicular to C-l in the plane of the l^-system. Four 

cases were considered} approach from above and below to the traps— 

diequatorial form, and approach from above and below to the tranjs- 

diaxial form as in Figure (34)« results of INDO calculations on



TAP>LB (B)

Appr< 'ach of Pyrrolidine to trans-4-inethylcyolohexen~3-ol« 

Table of Bond Indices

(i) Diaxlal Conformation

Bond Distance of nitrogen atom f r o m  C - 1 X

oO +2.5 -2.5 +2.0 -2.0 +1.5 -1.5

0 
o

1 
i

fei 
o 0.937 0.935 

0.010

0.934

0.011

0.927

0.095

0.924 0.890 

0.098 0.567

0.885

0.547

(ii) Pi equatorial Conformation

C - 0 0.946 0.945 0.945 0.940 0.940 0.920 0.922

C - N 0.010 0.010 0.090 0.087 0.527 0.529



TABLE (9)

Comparison of Ener~etics of Approoch of Pyrrolidine 

to lrans-4-methy1 cy ol oh exon- J-cl

Liaxial Conformation

Approach0,
from (A)

Approach from Belov/ favoaroA 
By (Kcal/mol)

3.0 8,27

2.5 49.05

2.0 160.05

1.5 155.57

Diequatorial Conformation

Approach Approach from below favoured
from (A) by (Kcal/mol)

3.0 0.11

2.5 0.09

2 0 1 0.48

1.5 4.86
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those four systems are listed in Table (8), from which it can be 

s^en that for the trans—diaxial conformer equa,l C—0 bond weakening 

is obtained on approach from above or below, A similar sitiation 

pertains in the diequatorial conformer but the extent of bond weakening 

obtained is less, in agreement with the view that a quasi-equatorial 

illylic group is not so well conjugated with the -fT-system a 

quasi-axial group.

If a comparison of the total energies for these interacting 

groups is made, Table ($))» then it be coir-s ^parent that in the diaxial 

conformation approach of pyrrolidine is much more favoured from belo*>, 

while the diequatorial conformer shows little preference for attack 

from either side. It is not difficult to suggeft a plausible 

explanation for this situation. The most obvious cause for the higher 

energy of approach to the diaxial conformer from above is the steric 

interaction of the incoming pyrrolidine group with the axial 4-methyl 

group, and this is confirmed from the density matrix as being a major 

interaction. The stereo.fiemistrv of this CL2* reaction can then beJW
adequately explained as follows: (i) xhe cyclohexenol system will 

consist of a mixture of equilibrating trans-diaxial and diequatorial 

forms, and the most favoured conformation for C-0 bond cleavage will 

be trans-diaxial; (ii) in this conformation approach of pyrrolidine is 

prevented from above due to steric interactions and therefore, as 

observer) - the incoming nucleophile approaches from below and on the 

same side as the leaving group to give syn stereochemistry,

Jofford has studied the stereochemistry of the reductive 

debromination of exo-l-methyl-3*4“dibromobicyclo ^3,2,lJ oct-2-ene (108) 

with 3 ithium aluminium deuteride and established that allylic re­

arrangement takes place and that deuteride is supplied from the same
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face as bromide is removed (109), and also that solvolysis of (10S) 

with aqueous silver nitrate gives equal amounts of the 2 - and

4-hydrcxy--compounds (DIO) and (ill). He proposed that the eeual 

formation of (llCj and (ill) on solvolysis implied intermediacy of 

the ally]is earbonium ion and then stated that the complete exo- 

£tereospecificity was explained by the nreferential formation of 

qxasi-axial bonds. He goes on to say that the process is not

affected by steric factors and that the geometry of the reaction is 

favoured on quantum mechanical grounds. These arguments are not 

satisfactory since, (i), if an allylic earbonium ion is formed in the 

solvolysis, then capture by water should be equally possible from both 

sides, and if there is complete exo-stereospeciftcity then there must 

be greater steric hindrance onthe endo face- which there is;

(ii) it has just been demonstrated that the departure of a leaving 

group from an allylic position does not direct the approach of a 

nucleophile to the double bond, therefore in conjunction with

(i) approach of hydride mu^t be exo for steric reasons, or possibly by 

favourable interaction with the leaving grojp in a "cyclic" type 

pathway. In a later paper^ Jefford admits to some of the above 

possibilities but makes no mention of what must be significant 1,2- 

torsional interaction between incoming hydride and the C-l/C-8 bond 

■» f there was to be endo attack, a feature not present for exo-at tack.

A trans-3^2’ reaction has been proposed88 to explain the acetolysis 

of 4 jB -oromo-5 p -cholestan-3-one (112) by way of the corresponding 

enol fonn (113). This finding is entirely consistent with the 

proposals advanced above, but not with previous theories. The 

departure of bromide from C-4 will occur from a conformation in which



Br

(113)
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the 0-Br bond is quasi--,axial and consideration of torsional interactions 

with the incoming nucleophile iv veals a 1,2~torsional interaction with 

t.V n l/Hp bond for approach from the p -face but no such interaction 

from below. Kence the observed stereochemistry is anti. The authors 

do not refer to the theories extent at the time of publication but 

do make the point that the stereochemistry of the reaction depends on 

the stereochemistry of the substrate.

It is proper now to consider the question of "concertedness" 

with respect to the above calculations and in this context it is the 

timing of uond breaking and bond formation that is implied by the term. 

The above calculations and results should be equally valid whether 

bond making and bond breaking are synchronous or not since in both 

cases the incoming and outgoing groups are bonding in the transition 

state, though not necessarily to the same extent. Therefore by the 

term S^2! or 3̂ ,21 as applied to the description of an allylic 

substitution reaction, no implication is made about the timing of bond 

formation or cleavage but rather only that the reaction (i) is 

bimolecular, (ii) is initiated by an anion or cation respectively

(iii) involvei an allylic rearrangement. Since there is no 

discrimination electronically between syn and anti stereochemistry 

in these reactions, then the stereochemistry of the substrate, or 

bonding between the incoming end outgoing groups will control the 

course of the reaction.
The calculations described herein are the first to be performed

on 3 2* and S 2* reactions and in the light of these the former E N
postulates should be examined. The first general criticism of 

previous work is that all the conclusions presented are based largely



Fig. 35

Fig.36

Fig.37
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on analogies for the reactions and axe not supported by detailed
15Cc lculat.i on, For example, Anh considers the S„2' reaction inN

terms of an interacting allylic cation and two anions (and 

correspondingly an Sg?1 reaction is regarded as an allylic anion 

interacting with two cations). This is not a physically real situation 

since any such system of charged species will be inherently unstable; 

c mseauently predictions made from this model, although internally 

consistent, need not apply to the real reactions, Anh also presents 

orbital diagrams for the highest filled .rbital of the allylic anion in 

support of his arguments in which he has taken s -• p combinations to
3produce hybrid orbitals intermediate between p and sp orbitals,

Figure (35)» then considers two cases;

(i) Y - C-l bond formation and X - C-3 bond breaking are synchronous 

in which case anti-stereochemistry is predicted;

(ii) X - C-3 bond cleavage precedes Y - C-l bond formation in which 

case X becomes antibonding with respect to C-3 aril s.yn - stereochemistry 

is predicted, Figure (%)■. In fact calculation shows that the carbon

2s and 2pz atomic orbitals contriuv.tr large.y to different molecular 

orbitals and that the major contribution to the highest filled 

molecular orbitals result from only the 2p atomic orbitals, Figure (37)* 

From these orbital diagrams it can be seen that there is no preference 

for syn or anti-stereochemistry. The approaches of Fukui Drenth" , 

and Jefford^ suffer from similar pitfalls and although the ideas 

presented are all "correct" they are not supported by calculation and 

therefore contain no measure of just how ajiplicable they are to the 

real situation, it appears, moreover, that from the above results 

these approaches by the four theoreticians are not applicable to the 

Sj-,21 and Ŝ 2' reactions and hence they have no predictive value.



(80)
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(vi ; Conclusions

(a) The Ŝ 2' and S 2̂* reactions may show either syn or anti. 

st&reoc.hemisiry depending on the stereochemistry of the 

substrate and the nature of the entering and leaving 

groups.

(b) In such reactions, the leaving group (X) will prefer 

to depart so that there is maximum bonding with the

-system, that is the a.llvli'- 0 X bond should be as 

nearly eclipsed as possible witn tne direction of the 

p-orbitals which constitute the -system.

(c) The experimental model chosen to illustrate the stereo­

chemistry of the S_2! reaction has inbuilt bias asi2i
previously described, and can only result in a syn 

process though the corresponding 10 oC -TT'^+hyl-acetal (80) 

should cyclise with anti-stereochemistry.

(d) The condensation of C-5 urits • bserved experimentally 

to be syn and the isomerisation of 3-^ethyl-3-butenyl 

pyrophosphate observed to be anti are equally possible 

electronically and there is no reason therefore to 

invoke an X-group mechanism to account for the stereo­

chemistry.

(e) There has been much confusion unnecessarily introduced

into discussions on the stereochemistry of 3^21 and

S 21 reactions by the use of "intuitive arrow-pushing"
N
ideas about electronic reorganisation during the 

reaction &nd oy the use oi systems.
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The findings of this study clearly show the need for further 

work to establish experimentally the stereochemistry of Ŝ .2? and 

S^2* reactions in a variety of different systems, sc that the 

generality of the above conclusions may be further tested. It is 

.'.Iso suggested that similar detailed molecular orbital calculations
i

to performed on the reaction to establish whether there is any

electronically favoured stereochemical pathway for this process,.



EXPITr
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EXPERIMENTAL

General Directions

Al] melting points (m.p.) were detemined on a Kofler hot-stage 

apparatus and are uncorrected. Routine infra-red (i.r.) spectra, were 

recorded, in carbon tetra chl.oride sc'lution, on a Perkin-Elmer 257 

spectrophotometer and high resolution spectra were recorded by 

Mrs* P. Lawrie and staff using a Unicam S.P.100 or a Perkin-Elmer 225 

double beam spectrophotometer. Only the major peaks or those of 

diagnostic value are quoted. Nuclear magnetic resonance (n.m.r.) 

spectra were recorded in CDCl^ using T.M.^, as an internal standard 

on a Varian T.60 or H.A.100 spectrometer by Mr. J. Gall and 

Mr. A. Haetzman. The n.m.r. data is recorded on the ^  scale and only 

significant signals are reported. Mass sperIra (m.s.) were routinely 

determined on an A.E.I. M.S.12 spectrometer, whilst mixtures were 

normally examined by means of an L.K.B.9000 gas-liquid chromatograph- 

mass spectrometer (g.c. - m.s.). High resolution spectra were obtained 

on an A.E.I. M.S.902 spectrometer and all spectra were recorded at 

70eV unless otherwise stated. Analytical gas-liquid chromatography 

(g.l.c.) was performed on a Pye-Argon or Perkin-Elmer P.11 chromatograph 

and peaks are identified by either their retention time in minutes or by 

their carbon number. Merck Kieselgel HE2<-̂ was used for all thin layer 

chromatography (t.l.c.), analytical on 0.25mm plates and preparative on 

T.0mm plates. ’Silver nitrate plates’ were made using a slurry of 

15°lrj hy weight of silver nitrate in silica gel G. Micro-analysis were 

performed by Mr, J.M.L. Cameron, B.Sc., and his staj.f. Petrol refers 

to the fraction b.p. 60—80°. All organic extracts were washed to 

neutrality by appropriate acid or base treatment and were dried over 

anhydrous magnesium sulphate.
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SYNTHESIS AND CY CL I SAT I ON 0^ THE OLEFIN-A PETAL (8)

Cholestenone (1 A)

p-7Oxidation of cholesterol hy the method of 'R’ieser ' gave 

c lolestenone (l/j) in yields of 65-70?' with m.p. 79-80°

Git.,2' 79.5-80.5°).

Cholest-4-ene (ll)

Anhydrous aluminium chloride (48g, O.^rcl) was carefully 

added to dry ether (200ml) stirred at 0° under nitrogen. A slurry 

of lithium aluminium hydride (4»6g, 0.12mol) in dry ether (lpOrnl) 

was cautiously added and the resulting mixture stirred for 10 min.

A solution of cholestenone (2Jg, 0.06mol) in dry ether (200ml) 

precooled to 0° was added over 20 min and the mixture stirred for a 

further JO min, when the reaction was quenched hy drop-wise addition 

of water till the inorganic salts coagulated. The ethereal solution 

was decanted, dried and evaporated to ^ive cholest-4-ene, (l9.1g, 86/0 

m.p. 80-81° (lit.,29 79-80 and 82-83°), (oC) = + 68.5° (C 1.45), 

(lit.,29 +65° and +76°), after crystallisation from ether-methanol.

Ozonolysis of Cholesb-4-erte (ll)

Ozone enriched oxygen was bubbled through a solution of 

cholest->-ene (0.5g) in hexane (10ml) at -78° until an aliquot of 

the solution failed to decolourise a dilute solution of bromine in 

acetic acid. Dry nitrogen was then passed through the solution which 

was allowed to warm to 20°, when acetic acid (10ml) and zinc dust (0.5g) 

were added. The mixture was stirred for 20h, filtered and the product
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(0.4 5&) isolated by ext cacti on into ether. Analytical t.l.c. of the 

clear o.i 1 in ethyl acetate-petro.'. (1:3) showed the presence of one 

cemncMmi (Rf 0.6) with tailing to the here line. The crude oil (12) 

showed ^ ax 2720w. 1755s, 1710s, IRyOw. 104CH, and Qf-O cm”1, X  

0.2c (TR,t,J3Hz). The sample could not he purified hy t.l.c. due to 

its lability on the adsorbent and was immediately reacted further as 

belov/.

Attempted Selective Acetallsation of the Keto-aldehyde (12)

The o. l (12) (400mg, ^lmmol) from the above ozonolysis, ethylene

glycol (70mg, l.lmmol) and toluene-p-sulphonic acid (5mg) in dry

benzene (10ml) were refluxed for lh with continuous water separation.

The solution was quenched in aqueous sodium hydrogen carbonate and the

products extracted into ether. Analytical t.l.c. of the product, a

clear oil (380mg), revealed the presence of two incompletely separated

components (Rf 0.5) and a preponderance ô* more polar material.

Preparative t.l.c. in ethyl acetate-petro! (1:3) with multiple elution

(X3) afforded lOmg of each compound contaminated wit:: a little c*' v,?

other. The more mobile band gave a keto-acetal (13) as an oil,

'j) 1712s, 113^s, 1095th, 1040m, and 945m, cm"1, X  5-15(lF,t,J5Hz)max
and 6.08br (4F,s), and the more polar band gave a clear oil, possibly

the diacetal (15) with 1) 1710vw, 1120s, 1040w, and 940w cm , X-----------  v max
5.15 (lH,t,J5Hz) and 6.10br (8h,s).

5 oC -Cholestan-4-one (16) and 5 |3 - Choi es tan-4-one (17)
29Hydroboration of cholest—4-ene by the met.hod of Jones gave a 

mixture (l:l) of (16) and (17), after oxidation of the intermediate



47

alcohol s y/j th 8N Jones Reagent. The two isomeric ketones were

separated hy preparative t.l.c. in ethyl acetate-petrol (l:9).

5 oC -Cholestsn-4-or.e showed l) 1715s, 1210m, 945m, and 905m cm"1,max ■ ■ * - ’
T  9*11* 9«i7» 9.26 and 9.36, raethyl resonances, g.l.c. 1J& OV-1 at,

225 , 2917 and 2975 (l:8). 5 jb -Oho]eshan-4-one had

^ max 1710s, 1180m, 1165m, and 930m cm 1, ''t 8.94, 9,19, 9.21, and

9.40, methyl resonances, g.I.e. Vf> OV-1 at 229°, 2917 and 2975 (l:l).

The above mixture of ketones (16) and ('17) was equilibrated to give

a mixture of (l6) and (l7)» (9:l), hy re fluxing with 5 °fr- methanolic

potassium hydroxide solution, and this niixhm*5 was used without further

pur.ifica.tion.

Baeyer-Villiger Oxidation of the Ketones (l6) anc' (17)

(i) To trifluoroacetic anhydride (70mg, O.̂ itmol) in dry methylene

chloride (2ml) stirred at 0° under nitrogen was added two drops of

90^ hydrogen peroxide. After stirring for 15 miu a solution of the

ketones (lOOmg, 0.26mmol) in methylene chloride (2ml) wn3 added

dropwise and stirring continued for a further 2h. The reaction

mixture was diluted with methylene chloride and poured into aqueous

sodium carbonate. Extraction into methylene chloride gave a clear

oil (84mg) which showed 'P 3600-2500hr, 1785s, 1740s, 1260s,max
1250s, and 1035m cm"1. Analytical t.l.c. in ethyl acetate-petrol (1:3) 

showed the presence of two components Rt 0.5 and 0.05 in equal 

proportions.
(ii) A solution of peroxytrifluoroacetic acid was prepared by 

careful addition of trifluoroacetic anhydride (10.2ml, 0.07mol) to 

an ice-cooled suspension of 90^ hydrogen peroxide (l.6ml, 0.06mol) 

in dry methylene chloride (10ml) under nitrogen. The resulting
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solution was added over 30 min to a stirred suspension of anhydrous

disodium hydrogen phosphate (16g) in dry methylene chloride ('8G.nl)

containing m e  notones (l-5*5g* 0.04mol). The solutions were kept

under nitrogen at 0° during addition and for a furfner lh .at this

temperature before removing the ice bath and allowing to warm to

20 over 2h. The reaction was worked up as in (i) above to give a

mixture (9*1) 08 the lactones (19) end \20) (14.5g). Preparative

t.l.c. in ethyl acetate-petrol (is 3) afforded a pure sample of both.

The more polar band gave A , 5~seco-cholestane-./,i ,5 j£ -carbolactone (19)

m.p. 120-122° after sublimation at 180° and 0.7 torr, )) 1740s,max
1292s, 1278s, 1190s, 1110m, and 1035s cm ' , ̂ 5»87 (lH, 0, limbs

at 1 3 and - 10Hz), (Found: C, 80.4; H,11.4» ^27̂ 46^2 rec!.uires

C, 80.5511.5^)* The less polar band yielded

4,5-sec-o-cholestane-4,5cC -ca.rbolactone (20), purified by sublimation 

at 170° and 0.1 torr, as a gum which showed lY;>5s, 1300s, 1290s,

1280m, 1265m, 1185s, and 1065s cm \  (lF,q, limb: at - 2 and

- 12Hz), (^ound: C, 80.65; 11,11.73. C0^'^Or, reouires C, 80.55;

H,11.5$).

Hydrolysis of the Lactones (19) and (20)

Hydrolysis of the lactones was effected by stirring the lactones

m  5$ methanolic potassium hydroxide solution for l6h at 20 . The

hydroxy-n^ids (2l) and (22) were isolated by extraction into ether

and separated from any neutral components by partition into base

followed by reacidification. The resulting sticky gum showed

S) 3600~2500br, 1705s, lllCw, and 1075m cm x, X  4-94br (2H,s,'max
exchangeable with * an(̂  ^.40 (l-̂ » unresolved multiplet).
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Hydroxy-methyl esters (25) arid (24)

The above gum was dissolved in ether and treated with excess 

ethereal d.\aso.dethane• The two components in the rroduct were 

isolated hy preparative t.l,c. in ethyl acetate-petrol (i:3) to 

give 4,5~seco-4-carbomethoxy-5 -hydroxycnolestane (95) as a gum

which had 3622w, 3550brw, 1738s. 1233s, 1195s, 1169s, 1080m,

1040m, and 980w cm X  6*3?- (3H,S) and 6.40 flK,q, obscured by

signal at 6.32X), M+ 434 (Oalc. tor C^H^O^: M, 434), and a more 

mobile component, 4,5~seco-4-carbomethoxy-5oC -hy"roxycholestane (24)

as a gum with l) 3&25w, 3540brw, 1735s, 12>5s, 1200s, 1168s,max
1055m and 995m cm \  T6.33br (4H,s), M+ 434 (Calc, for CggH^gO^; 434).

4.5-Seco-4-carbomethoxy-5J5 -acetoxycholestane (28)

The hydroxy-methyl ester (23) (l20mg, 0.27mmol) in anhydrous 

pyridine (2ml) and acetic 1 .diydride (2ml) was kept at 20° for 17h. 

Evaporation of the solvent in vacuo and purification by preparative 

t.l.c. in ethyl acetate-petrol (3:7) yielded 4,5-seCvW -carbome rdouy-- 

5 ft -acetoxycholestane (25) (95mg) as a gum which had ̂ max 1740sh,

1730s, 1210br£, 1165s, 1020s, lOOOsh, and 960m cm”1, X  5.27 (lH,q,

limbs at - 4 and - 13 Hz), 6.34 (3H,s) and 7*98 (3H,s),

(Found: C, 75-55; H 10.95* C30H52°4 requires C’ 75#6; H’11 * *

4.5- Se co- 4- carb ome thoxy-5 cC- -acetoxycholestane (26)

In a similar manner the hydroxy-esuer (24) (52mg) was converted 

to the acetate (26), also a gum, which showed 1738s, 1240s, 1170m,

1015w, and 965w am 1, X5*20br (lH,s), 6.33 (3H,s;, and 7*94 (3H,s),

(Found: C, 75-7; H,11.0. C30H52°4 rsauires c» 75-6; H, 11.0$).
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The Tcsyl ate (' B)

The hydroxy-ester (25) (lg, 2.4mmol) and freshly crystallised 

toluene-4-sulphonyl chloride (0.95g» Bmmol) in. the minimum of annyrtrous 

pyridine were set aside at 20° for 65h. Tine mixture was poured on ho 

iced-watcr and extracted with ether to yiv/e A , 5-sec o - 4 - c a  r-b omethoxy- 

5 jit -tosyloxycholestane (28) (l.25g, 90̂ ). A sample of the gummy 

torylale, purified by preparative t.l.c. in ethyl acetate-petrol (ltd) 

showed l) 1740s, 1180s, 1170s, 109'5w, 965w, 550m, 900m, and 890m
IT lriX

cm X, X  2.44 (4H, q, limbs at - 16 and - 55hz), 5»50 (lK,q, limbs at

i 5 and - 12 Hz), 6.32 (5H,s), and 7.56 (5H,s).

4, 5-Se co-4-carb ome thoxy-5 <£■ -tosyloxycholestane

Hy the above method, the hydroxy-ester (24) g?/e

4, 5-“seco-4-carbomethoxy-5 c£- -tosyloxycholestane in 65̂ ’ yield which

showed )) 1740s, 1180s, 1170s, and 900m cm \  T  2.50 (4H,q, limbs aimax
± 16 and - 28 Hz), 5.35>t (lH,s), 6.55(3h,s) and 7o3(2K,s).

Jones Oxidation of the Kydroxy-esbo' (25)

A solution of the hydroxy-ester (25) (lOOmg, 0.24mmol) in

acetone (5^1) was treated dropwise with 8N Jones Reagent at 0° till

a red colour persisted in solution. Methanol (lml) was added, the

mixture evaporated in vacuo, and the residue thoroughly extracted with

ethyl acetate to give 4,5-seco-4-carbomethcxy-5-oxocholestane (27)

(90mg, $0$) which was purified by preparative t.l.c. in ethyl

acetate-petrol (1:6) and showed 1740s, 1710s, 1190s, 1165s, ̂ ' max
1090m, and 950m cm \  *15 6.53 (3K»S)» 432.35030 (Calc, for

C28H48°3! M ’ 432-36032).



51

ATTEMPTS TO ?ORM THE 0LSFIN-E5TER (29)

(i ) By Dehyd.rrj.tj or of the IIy droxy-acid (21)

The hydroxy-acid (21) (lOmg, 0.02r>mmol) in anlydnons pyridine

(lm.L) at 0° was trc.ated with phosphoryl chloride (l drop) for 30 min. 

Quenching witn water and extraction into ether gave a. mixture (7mg) 

which was shown by t.l.c. to consist of* two compounds identified 

as the lactone (19) -̂nd unreacted hyoroxy-acid.

(ii) By Dehydra tion of the Hydroxy-ester

The hydroxy-ester (23) (lOOmg) in anhydrous pyridine (3ml) 

was treated with phosphoryl chloride at 60° for 30 uin. Work up as 

above gave a complex mixture from which was obtained an unidentified 

methyl ester (l5mg) by preparative t.l.c. in ethyl acetate-petrol (l:9)

which showed )) 1740s, 1165s, and 890w cm ^, X  6.34 (3H,s).max

(iii) By Pyrolysis of the Acetate (2h)

(a) A 2m narrow bore silica tube, loosely packed with glass wool,

was heated in an oven to 570°. A slow bleed of helium was allowed 

through a septum at one end, while at the other was fitted a cooled 

U-tube receiver which was in turn attached to a vacuum pump which 

maintained the pressure in the tube at 0.1 torr. A solution o^ the 

acetate (25) (lOmg) in chloroform (O.lral) ’vas injected and the material 

which collected in the receiver examined by t.l.c. in ethyl acetate- 

petrol (1:9). This was shown to be principally unchanged acetate (25) 

(by i.r* comparison) along with two more mobile compounds.



(b) A sample of the acetate (25) (50mg) was sublimed into the

pyrolysis tube from a small side arm and the product examined on t.l.c,*

The same two mobile components were present and preparative t.l.c,

yielded a. sample of both. The more mobile band gave a gum (fag)

which shewed l)  ̂ 3010w, l640v,', 910w, and 880m cm and the secondmux
component a gurn (20mg) had )) 3010m, 1740a, l640w, 1190m, 1165s,max
and 890w cm \  X  4*53 (1 - SI I, q, limbs at - 9 and - 24 Hz, the lower

field signals being broad, and not well resolved). 5.30 (small signal

not resolved), and 6.36 (3H,s), M+ 416 (Talc. for O^^H^qO^: K, 416),

g.l.c. l°/o 0V-1 at 225°, 19.5 and 21.25oh min, (0O/ OD at 4.0,r4> <̂0 ,rb,
7.25, 13*5» and 45 niin respectively).

(c) The pyrolysis tube was clamped vertically and a solution of 

the acetate (25) (40mg) in benzene (iml) introduced dropw.i.se in a 

flow of dry nitrogen. The product was collected in a cooled receiver 

under the furnace which was maintained at 540°. After one pass 

through the tube the mixture was shown by t.l.c. to be similar to the.t 

obtained in (b) above, a further tv.o parses of this mixture utilised 

all the acetate present but increased substantially the proportion of 

the very mobile band. Total recovery after three passes was 25mg.

(iv) Hy Elimination of the Tosylate (28)

(a) On Alumina

The tosylate (28) (250mg) was stirred with neutral alumina, 

grade I, (lOg) in benzene-petrol (l:l) f’or 80h. Filtration and 

repeated extraction of the alumina with ethyl acetate gave unchanged 

tosylate (l50mg) and 30mg of a component identical on t.l.c. with 

that obtained in (iii)(b) above.
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0) In Di methyl 8ulphoxide

The tosylate (28) (900mg, 1.5mmol) in dry dimethylsulphoxidp (5ml)

was maintained at 115 tor 17h under nitrogen. Dilution with water

and extraction into petrol gave a gum (560mg) which on examination

hy t.l.c. showed a band corresponding to the olc^in-ester from acetate

pv-̂ olysis as the major product. This component was isolated by

preparative t.l.c. in ethyl acetate-petrol (l:9) and on g.l.c.,

i f  OV-17 at 200°, showed peaks at 50.5» 54» and 58»5min (6:4:1).

Analytical t.l.c. on silver nitrate plates Ln the same solvent showed

three bands which were incompletely separated. Preparative t.l.c.

on 0.5mm silver nitrate plates with multiple elution (X4) yielded a

pure sample of the least mobile component, d, 5-seco-d--carbomethoxycholest-

5-ene (29) as a gum which had 'j)____ 3010m, 1740s, I640w, 1190m, 1165s,— —— —— —  max
and 890w cm \  X  4.55 (2H,m, limbs at - 10 and - 20 Hz, lowfield 

limbs further split by - 3Hz)» 6.36(3H»s), and " .75(211,t,J7Hz).

Irradiation at 8.08 T  reduced the multiplet at 4.55 ̂  :-o a quartet

with limbs at - 9 and - 20 Hz, g.l.c., 0V-17* 200°, 54 min,identical

with the peak at 19.5 min from (iii)(b), and with the central peak in 

the above mixture by co-injection. (Pound: 0, 80.8; H,11.6.

C28i'48°2 re9uires c> 80*7; H, 11.6$).
The middle band yielded a gum (115)* still a mixture, which

showed 1) 1740s, 1240m, 119Cs, and 1165s cm 1, T4.95 (0.75H,t,max
poorly resolved), 5*37 (0.25P,d,J8Hz), 6.37 (3^»s)» 7*67 (3H*d,J3^z) 

and 8.38br (2.5H,s). Irradiation at 7.67 X  resolved the signal at •

4.95 X  into a broad singlet, and irradiation at 8.38 X  produced a 

sharper signal at 4 <-95 X  superimposed on a broad unresolved peak 

from 5.84 - 6.04 X  . Irradiation at 4.95 X  reduced the doublet at
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on J  0’/ 17 at 200 showed one peak at 50.5 min corresponding +0
the first peak in the mixture.

Elution of the most mobile band yielded a gum (lib), also a

mixture which showed )) 1740s, 1250m, 1185s, and 1165s cm"1, Xmp x
4.52br (0.8K, poorly resolved doublet?). 6.56 (3J-T,s) and 8.40br (35,s 

g.l.c. Jo 0V-17, 200°, peaks at 50*5 and 58.5 min (5:l), identical 

with those in the mixture by co-injection.

(c) In Dimethyl Sulphoxide with Potassium i- ̂ ntoxide

The tosylate (28) (lOmg) and potassium t-butoxide (3mg) in dry

dimethyl sulphoxide (2ml) were kept at 110° under nitrogen for 18h.

Work up as above and analytical t.l.c. on silver nitrate plates 

showed the presence of two components corresponding to (29) and (115) 

g.l.c., Jo 0V-17, 200°, peaks at 50.5» 54 and 58.5 min (2:.3:l)«

(d) In Pyridine

The tosylate (lOmg) in dry pyridine (ini) was refluxed for 

6h. The product was isolated by extraction into ether and the olefin 

band separated by preparative t.l.c.. Silver nitrate t.l.c. showed 

two bands corresponding to (29) and (115); g.l.c., 1 % 0V-17, 200 , 

peaks at 50.5 > 54 and 58.5 min (l.5s 3*1) •

(e) With Sodium Acetate in Acetic Acid

The tosylate (lOmg) and anhydrous sodium acetate (50mg) in 

acetic acid (lml) were refluxed for 1.5h and the product isolated by 

ether extraction. Silver nitrate t.l.c. again showed (29) and (115) 

to be present; g.l.c., Jo 0V-17» 200 , peaks at 50.5* 54» and 

58.5 min (2.5:2:l).
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A solution cf the tosylate (,20mg) in dry dimethylforrnamide was 

maintained, at 100° for 24h under nitrogen. Y.'orl up as in (iv)(h) 

above and silver nitrate t.l.c. of the olefinic fraction showed the 

same two bands as above and the same peaks on g.l.c. (2:3«5:l).

(g) In bimethylformamlde with lithium bromide and Lithium Carbona.te 

The tosylate (50mg, 0.OGbmmcl), anhydrous lithium bromide

(]lmg, O.llSmnol) and anhydrous lithium carbonate (l3mg, 0.19mmol) 

in dry dimethylformamide (5ml) were refluxed under nitrogen for lh 

and worked up as before. Silver nitrate t.l.c. showed two bands as 

before; g.l.c., Jo 0V-17, 200°, peaks at 50.5* 54> and 58.5 min 

(1.5:6:1).

(h) Repeat of (g)

The tosylate (lOmg, 0.017mmol), anhydrous lithium bromide 

(ll mg, 0ol20mmol) and anhydrous lithium carbonate (lOmg, O.135mmol) 

in dry dimethylformamide (lml) were stored at 120° for 3«5h. Silver 

nitrate t.l.c. showed only one component identical with (29); 

g.l.c. fJ  0V-17» 290°, peaks at 50.5, 54, and 58.5 min (l:8:l).

(i) Optimum Conditions for Elimination

The tosylate (28) (600mgf 1.02mmol), anhydrous lithium bromide 

(850mg, lOmmol) and anhydrous lithium carbonate (l50mg, 2mmol) in 

dry dimethylformamide (12ml) were kept at 115° under nitrogen for 

2h. The crude product was isolated by extraction into petrol and 

filtered through a short column of neutral alumina (grade III)
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in benzene to give the desired ole^in-ester (??) (250mm, 6 2 $),

G.i.c., 1/f; 0/-1'/, 200°, peaks at SO. 5 find 34 min (l:>0) and 

homogeneous on silver nitrate t.l.c..

The Hydroxy-Olefin (j2)

A solution of the olefin—ester (29) (l^Omg, O.Si-jrnol) in dry

ether (4ml) was added dropwise to a stirred suspension of lithium

aluminium hydride (80mg, 2.1mmol) in dry ether (3ml) stirred at 0°

under nitrogen, and stirring continued ror ~ further J,G min. Water

was cautiously added till the inorganic salts coagulated, the ethereax

layer decanted, and the salts washed with a small portion of ether.

The combined ethereal extracts yielded 4»3-seco-l-hvdroxycholest-5-ene (32)

as a gurn (l22mg, 94$) which was purified by preparative t.l.c. in

ethyl acetate-petrol (3:17) and showed ")) 3636m, 3480brw, 3008m,max
I652w, 1030brs, and 1030sh cm’1, X  4-54 (211,m, limbs at - 8 and ± 18Hz,

lowfield limbs further split hy 4Hz) and 6.38 (lh,t,J6Hz).

(Found: C, 83.4;H,12.65. O^H^O requires C, 83.45; H> 12.45$).

The Olefin-Aldehyde (35)

Oxidation of the hydroxy-olefin (3?-) was carried out using 

chromium trioxide in pyridine and methylene chloride according to 

Radcliffe and Rodehurst70. Yields were in the range 70-90$ and the 

aldehyde, 4,5-3eco-4-oxocholest-5“ene (33) purified by preparative 

t.l.c. ir ethyl acetate-petrol (l:9) was isolated as a gum which had

3010m, 2710m, 1730s, and l655w cm , t  0.3 (lH,t,J2Fz) andmax
4.54 (2K,m, limbs at - 6 and - 22 Hz, lowfield limbs further split 

by 4Hz). (Found: C, 83.95; H,12.2. C^yll^O requires C, 83.85; H,

12.0$).
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Acetalisatlon of the Aldehyde (5 )̂

The aldehyde (33) (l.l3g, 2.92mmol), toluene-p-sulphonic acid (20mg)
and excess ethylene glycol in benzene (25m.l) were reflnxed for 3h with

continuous water separation. The solution was poured into aqueous

sodium hydrogen carbonate and extracted with ether. A sample of the

crude 4»5~scco-cholest-5~ene-4-ethylene acetal (8) was purified by
preparative t.l.c. in ethyl acetate-petrol (1:9) and the gum showed

■)) 1652.',r: 1135sh,1128s, 1060brm, 955^, and 940m cm \  Xmax
4.57 (2H,ri, limbs at - 7 and - 17 Hz, lowfield limbs further split 

by 5Hz). (Found: C, 80.8; H, 11.65. ^29^50^2 recluires 0, 80.9;

H, 11.7#).

Rearranged Aldehyde (3^)

In the synthesis of one batch of the olefin-acetal, analytical

t.l.c. at the olefin-aldehyde stage revealed the presence of a second

component not previously identified. Preparative t.l.c. of the

aldehyde mixture in ethyl acetate-petrol (l:9) afforded a pure sample

of the minor component, the oily aldehyde (54) which showed

")) 3080w, 2799w, 1730s, I63OW, and 890m cm \  X  0.22 (lH,t,J2Hz),max
5.32 (lH,s), and 5.52 (lH,s). (Found: C, 83.85; H, 12.2. C ^ H^O 

requires C, 83.85; H, 12.0%).

Osmylation of (34)

The aldehyde (34) (30mg, 0.075mmol) and osmium tetroxide 

(40mg, 0.l6mmol) in dry benzene (3ml) were stored at 20° for 46h.
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The solution was diluted with benzene and hydrogen sulphide bubbled 

through it tor 5 min. Removal of osmium sulphide by filtration and 

evaporation of the solvent in vacuo le'f’t a clear gum, consisting of 

one major component. Preparative t.l.c. in ethyl acetate-petrol (l:9) 

afforded this component, homogeneous on t.l.c., which shewed 

^max114^ ’ 112°2’ 1105s, 1085s, 1040m, 1028s, 1010m, 995m, 870m, 

and 840s cm"1, T4.56 (lH,s,w^ 4Hz), 5.71 (0.711,d,J7Hz),

5.91 (0.3H,d,J7Hz), 6.74 (0.7Ii,d,J7Kz), and 6.87 (0.3H,d,JTHz). 

Irradiation at 5*71 T  reduces to a singlet the doublet at 6.74 "'c 

and similarly the doublet at 6.87 't collapses to a singlet on 

irradiation at 5*911: . G.l.c., 1# 0V-1, 225°, 2967:3006 = 2:5.

G.c. - m.s. gives for the minor component, M+ 402 (100), other

peaks at 387 (10), 384 (15), 572 (70), 357 (15), 527 (55), 288 (40), 

248 (58) and 247 (85) and for the major component M+ 402 (83), other 

peaks at 387 (ll), 372 (81>, 357 (32), 343 (16), 327 (l00), 314 (29), 

301 (34), 247 (74) and 215 (61). (Calc, for M, 402).

Synthesis of the Olefin-acetal (8) from Cholesterol, General Procedure

Cholestenone (14) was prepared as described and purified by 

crystallisation from methanol. Reduction of (14) (23g) with 

dichloroaluminium hydride gave cholest-4-ene (ll) (20.5g» crude). 

Without purification this was converted to a mixture of 

5cI -and 5J3 -cholestan-4-ones (l6) and (l7)'^9:l) (l7g, cruuc), 

which yists oxidised to give the corresponding lactones (19) and (20) 

which in turn were opened by basic hydrolysis to afford a mixture of 

hydroxy-acids (23) and (22). These were separated from residual 

neutral material by partition between ether and aqueous sodium 

hydroxide and the resulting sticky gum methylated to give a mixture
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of the hydroxy-esters (423) and (24) (l2g). To3y3ation of this 

mixture using a 2.5-fold excess of toluene-4-sulphonyl chloride in 

pyridine gave the corresponding tosylates and unrescted hydroxy-jster 

(24̂  (l6g> crude), Elimination of the tosylates was effected as 

described ana the crude product (9«5ff) purified by filtration in 

benzene through a column of grade III neutral alumina to give the 

olefin-ester (29) 5̂*lf')» Reduction of the olef in-ester (29) 

followed by oxidation and acetalisation gave the olefin-acetal (8) 

(2.6g, ICffo from cholestenone, 6/& from cholesterol).

CYCLISATION 0? THE OLEFIN-ACETAL (8)

(i) In Benzene

A solution of the olefin-acetal (0.3ml of a O.G23M solution 

in benzene) and a solution of stannic chloride (0.3ml of a 0.094M 

solution in benzene) were mixed at 20° and kept for 'j>h. The reaction 

was quenched by pouring i+ into dilute aqueous sodium hydrogen 

carbonate and the product isolated ether extraction. Analytical 

t.l.c. showed only the original acetal.

(ii) In Kitromethane

A 0.023M solution of the olefin-acetal (8) in freshly distilled 

nitromethane and a 0.09M solution of stannic chloride in n.itromethane 

were prepared.
(a) Equal volumes (0.2ml) of each solution y/ere mixed at 20 and 

kept for 40 min. Work up as above gave a complex mixture which was 

not further investigated.
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(b) Admixture o', the ole fin-acetal solution (C.lml) a,nd stannic 

chxoride solution (0.2ml) f.or 15 sec at 20 before quenching and 

work up gave a more promising mixture consisting' of apparently ^cur 

major and several minor components by analytical t.l.c., G.l.c.,

Vfi> OV-1, 225°, showed the presence of seven peaks at 2780, 2300, 2832, 

2870, 2935*- 290b, and 3078 and g.c. - m.s, gave M+ 368, 388, 388, 386, 

388, 430 and 428 respectively, further details are listed in Table (l). 

The crude mixture was dissolved in dry pyridine (0.15ml) and treated 

with hexamethyldisilazane (50ml) and trichlorosilane (lOml) at 40° foi 

lh. The mixture of T.M.S. ethers was isolated by evaporation of the 

solvent in vacuo and extracting the residue with ether. Analytical 

t.l.c.in ethyl acetate-petrol (1:9) showed the presence of three major 

components and g.l.c., 1 °fo 0V-1, 225° shewed, peaks at 6.6, 10.7, 12.65, 

and 26.25 min which on g.c. - m.s. showed. M+ 458, 460, 502, and 502 

respectively and full details are listed in Table \2:),

(iii) In Methylene Chloride

Standard solutions of the ol'jfi---icetal (8) and stannic chloride 

were made up in freshly distilled methylene chloride (0.023M and 0.09M 

respectively).

(a) At Room Temperature

Equal volumes of the standard solutions (0.5ml) were mixed 

at 20° foj. 1 min. Quenching and work up as before gave a mixture, 

with one major component as judged by t.l.c. and which showed 

aldehydic adsorption in the i.r. spectrum, but which was a complex 

mixture on g.l.c. analysis and v/as not further investigated.



61

(h) At -78°

Equal volumes or the standard solutions (O.hml) were precooled 

to - IQ no.tore mixing; ^or 1 min ?.t -78°. The usual work up gave a mixture, 

which on analytical t.l.c. showed the presence of two components 

sufficiently separated from the rest to allow an attempt at isolation. 

G.l.c., l^OV-1, 220°, showed peaks at 2832, 2870, 2935, 2966, and 

5073 (l:3:4:3:2). This procedure was repeated on a larger scale 

(5ml of solution) and preparative t.l.c. in ethyl acetate-petrol (is9) 

allowed the isolation of one component (4th£C), slightly impure, which

had 1) 3340, 3010sh, 1050s, and 890m cm \  g.l.c., 2966, g.c. - m.s.nicix
gave M + 430 (15) other peaks at 415 (5), 363 (lOO), 353 (35), 255 (36), 
229 (19) and 201 (55).

(c) At -78° with Different Stoichiometry

A solution of stannic chloride in methylene chloride (2 ml of a

0.045M solution) cooled to -78° was nuickly added to a solution of the

olefin-acetal (8) in methylene chloride (10ml of a 0.002 7*,' solution) 

at -78° and the reaction quenched as nuickly as possible, G.l.c.,

Vfo 0V-1, 200°, showed peaks at 2825, 2935, 2968 and 3028 (1:1:1.3:2),

Figure (18). By elution of the bands from analytical t.l.c. of this

mixture a correlation was obtained between t.l.c. and g.l.c. as

shown in Figure (20).

Attempted Simplification of the Cyclisution Mixture

The crude mixture from cyclisation (b) (40mg) was dissolved in 

dry pyridine (lml) and toluene-4-sulphonyl chloride (60r.g) added.

After storage for 24h at 20° the crude product was isolated as 

previously described. The crude tosylates (40mg) and sodium iodide (lOOmg)
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in dry dimethoxyethane (4ml) were re fluxed for 3C min when freshly 

1'unf: sd zinc pov/der (50mg) was added in small portions and the ■̂ e.flnx 

continued for a further 2h. Filtration of the mixture followed by 

extraction into ether afforded a complex mixture which wan oxidised 

with 8N Jones Reagent. Analytical t.l.c. of the product showed no 

predominant component, and there was a. veritable plethora of peaks on 

g.l.c..

(d) Preparative Cvclisations

A solution of stannic chloride (0.5ml, 4»5mmol) in methylene

chloride (10ml) at -78° was quickly added to a solution of the olefin-

acetal (lOOmg, O.23mmol) in methylene chloride (lOml) at -78°. After

50 sec the reaction was quenched and the product isolated as usual.

Preparative t.l.c. in ethyl acetate-petrol (l:9) afforded two slightly

impure components. Further purification of these samples hy t.l.c.

on 0.25mm plates gave a pure sample of each. The more mobile

component, the hydroxy-ether (58) , a gum (l5mg) had V  ma 3530T,'» 50' Cm,

1645w , 1150w, 1098s, 1050s, 955m, and 890m cnf1, X  4.58 (2H,m, limbs

at - 4 and - 14 Hz, upfield limbs further split by 4Hz), 6.38br (4H,m),

6.54br (lH,s), and 7.44 (lH,t,J6Hz, exchangeable with DgO).

Irradiation at 8.24 X  removes the 4Hz coupling from the upfield limbs

of the multiplet at 4*38 X  . O.l.c., Vfo Ov-l, 200 , 2966,

M+ 430.5778 (Calc, for 0? : M, 450.3811) other peaks at 415,

368, 353, 273, 255, 229, 228, 213, and 201. The more polar component.

(16 mg) showed )) 363OW, 36lOsh, 1050s, 1030sh, 1020s, lOlOsh, andv & max
930m cm"1, X  6.06br (lH,s,wj 20Fz), 9.04, 9.12, 9.18 and 9*36 

(methyl resonances), g.l.c., V?o 0V-1, ^00 , 2936 identical oy co­

injection with authentic 4j5 -hydroxy-5 j3 -cholestane (4l),
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M ^ 8 8 . 3 / 0 0  (Calc. for C ^ y H  ^ 0  : iv; , 388* 370.3) other peaks at 373,

370, 353, 317, 287, 257, 2/48, 233; and 21%

Hydrogenation of the j'fydroxy-other (38)

(i ) Pod. i0 1 i n m. /Ca:i h on /Hydro f v. n

The alcohol (38) (lOmg) in dry ethyl acetate (2ml) and a 

dispersion of 10$ palladium on charcoal (5 ĝ) were stirred under an 

atmosphere of hydrogen for 2h. Filtration and evaporation of the 

solvent in vacuo afforded a gum (9^g). Analytical t.l.c. in 

ethyl acetate-petrol (l:9) showed the presence of two components 

(Rf 0.5 and 0.2) in approximately equal amounts which on g.l.c.,

1 c/o 0V-1, 225° appeared as one peak, 3045*

(ii) Diimide

The alcohol (38) (5mg) and tosylhydrazine (40mg) in diglyme (lml) 

were refluxed for 3h under nitrogen. Analytical o.l.c. cf the product, 

isolated hy extraction irk o ether, shewed one component (Rf 0.5) 

g.l.c., 1$ 0V-1, 225° peaks at 2963, and 3045 (l:9).

Cleavage of the fi -Hydroxy-ether

The saturated hydroxy-ether (5mg) produced hy diimide reduction,

ahove, was converted to the corresponding tosylate under standard

conditions. The crude tosylate and scdium iodide (20mg) in dry

dimethoxypthane were refluxed for 30 min when zinc dust (20mg) was

added in portions over 1.5h. Filtration and extraction into ether

gave an oil (2mg) which on analytical t.l.c. showed one major

component. Purification on a 0.25mm t.l.c. plate afforded a pure

sample which showed )) 3635sh> 36l9w, 1215w, 1170m, 1005m, 968m,r max
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940sh, 945s, and 900w cm”1, g.l.c., 1 % 0̂ -1, 225°, 2910 identical 

by co-injection with a sample of 4 (A -hydroxy-5jS -cholestane (39).

Oxidation of t^e Alcohol (41)

Standard Jones oxidation, as described previously, of the 

alcohol (41) (6mg) afforded a ietone (4mg) } 1710s, 1180m, 1165m,

lOSOw, 1050w, 940sh, and 930m c,f\ X  0.90, 9.12, 9.18 and 9.36, 
(methyl resonances), g'.l.c., Vf? 0V-1, 200°, peaks at 2937, and 

3000 (1:1; identical with 5 -cholestan-4-one (17).

Lithium Aluminium Hydride Reduction of 3 ^  -Cholestan-J-one (l6)

Reduction, as previously described, afforded a two-component

mixture which was separated by preparative t.l.c. in ethyl acetate-

petrol (1:9)• The more mobile band gave 4 -hydroxy-5 ,̂ -cholestane

(45mg) m.p. 128-130° (lit.,71 130-132°), D 0 3640m, 1170m, 1120m,rnax
1060m, 990m, 960m, 930m and 865w cm 1, X  6.20br (lH,s,wj. 8Hz), 8.97,2
9.08, 9»18, and 9*36, (methyl resonances), g.l.c., 1$ 0^-1, 200°,

2950. M+ 388 (Calc, for C^H^O : M, 388). r<lhe more polar band 

yielded 4 oc -hydroxy-5 oC -cholestane (17 -̂g) which had m.p.

185-187° (lit.,71 186-187°), ^ max5640m, 1065m, 1035s, 1030sh, and

945w cm 1 , X  6.38br (1H,s ,w _i 20IIz), 9.06, 9.18, and 9.36, (methyl2
resonances), g.l.c., 1 °Jo 0V-1, 200 , 2945* M 388 (Calc, for 

C2?H480 : M, 388).

Lithium Aluminium Hydride Reduction ot- 9̂ 3 -ChoIestan-4-one (17_)

In a like manner, 5 jg -cholestan-4-one (17) gave on reduction 

and separation of the mixture, a mobile component, 4 oC -hydroxy-5 jS - 

cholestane (39) (31mg) which showed $ max 3640sh, 3630w, 1215m, 1170m, 

1155sh, 1005m, 970m, and 945s cm”1, X  6.00br (lH,s,w^ 8Hz),
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9.06, 9.17, and 9.35 (methyl resonances), g.l.c., If' 07-1, 200°,

291J5. M 380 (Calc, for : M, 388), and a more polar

component, 4 J2 -hydroxy-5 Jg -cholestane (41) (ibmg) which showed

3604sh, lU50rn, IC^Osh, i020s, 1008m, ani ?20m or"1,

T6.06br (1H,s,wj. 20Hz), 9.03, 9.0?, 9.19. and 9.38 (methv'f 2
resonances), g.l.c., V;l OV-1, 200°, 2035. [,-+ jes (tele, for

C2?H480 : M, 388).

Lithium Aluminium Leuteride Reduction of the Olefin-ester (29)

Reduction of the olef.in-ester (?9) as previously described gave

on purification 4,5~seco-4,4~didenterlo-4-hydroxyoholest-5-ene (49)

which had ")) 3630m, 3005m, 2185brw, 2085hrw, l640w, llCOw, 960smax
and 890w cm \  '93 4*58 (211,m, limbs at - 8 and - 18Hz, lowfield

limbs further split by 4Hz) M+ 390 (Calc, for : ?'» 3Q0).

Oxidation of the Dideuterio-alcohol (49)

Oxidation as described for the unlabelled alcohol (32) gave a

deuterio-aldehvde (50) with l) 3010m, 2060m, 1715s, l650w, ------------- u   ̂max
and 955w cm”1- X  4.53 (2H,m, limbs at - 7  and - 24 Hz lowfield limbs 

further split by GHz), M+ 387 (Calc, for CpyH^^DO : M, 387).

Acetalisation of the Deuterio-aldehyde (50)

Acetalisation under conditions described for the aldehyde (33)
afforded 4,5-seco-4-denteriocholest-r-ene-4-ethylen9 acetal (hi) which

had S) 3010m, 2090w, l6S2w, 1205m, 1060s, and 940w cm \  X  max
4.53 (2H,m, limbs at i 6 and - 23 Hz, lowfield limbs further split 

by 8IJz) and 6.09br (4H,m), M+ 431 (Calc, for C^H^LOg : >1, 431?

> 9 T/° d^ by comparison with unlabelled acetal (8)).
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CVcllsation of the T)eu ;,R>uo-acetaI (hi)

Cyclisation oP the 4-deuterio-acetal (5l)(95mg) as aho’a gave,

<-s-' t-fir puiific<A..ion hy t.l.c. a mobile component, the deuterio—hvdroxy— 

ether (5?» (l6mg) as a gum with ^ 5530m, 303 0m, 2110w, l645w, 1200m,

1160m, 1153m, lll^sh, 1094s, 1050s, 9?0w and 9551? cm /"£

4.54 (2K,in,, 3 j mbs at - 4 and - 14Iiz, highfield limbs further split 

by 4Hz), 6.14-br (4H,m) and 7.42br (lH, unresolved, exchangeable with 

H^O), M 451 (Calc, for : It, 451, >98% d^ by comparison

with unlabelled material (30) )• Th® mo'e polar component 

4 cC -deuterio-4 |S -hydroxy-5 j5 -cholestane (55) (lOmg) showed 

3) 3620v/-, 3605sh, 2140w, 1100m, 1070sh, 1055s, 1020m, 940sh, and

930s cm \  95 9.05, 9.11, 9*17, and 9.35 (methyl resonances), M+ 389

(Gale, for C2yH^yD0 : M, 387? >90% d̂  by comparison with authentic

unlabelled material (41)).

Allylic Oxidation of the Olefin-Ester (29)

AG( i ) With X-bromosucci d e

The olefin-estei (29) (22mg, u.u55mmoly, H-bromosuccinimide (50mg)

and calcium carbonate (20mg) in dioxan (2ml) containing water (2 drops)

was irradiated for 4h at 20° with a standard 60W desk lamp, and the

product isolated by extraction into ether. Analytical t.l.c. showed

the presence of (29) and two more polar components in the mixture.

Preparative t.l.c. in ethyl acei,<at e-petrol (it 3) yielded a
bromo-ketc-ester (55) (lOmg) which showed ^mav 1740s, 1720s, 1275s,

1255m, 1240m, 1190s, 1160s, and 925w cm \  95 6.10br (lH,s), 6.42 (3H,s)

and ?.76br (2H,d,J6Hz), M+ 512 and 510, other peaks at 497, 495, 481,

479, 431, 411, 409, 399, 305, 331, and 277 (Calc, for

0o H ^OJr : M, 512 a.nd 510). The second more polar component,28 47 Y
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an a! corol (56) (4m/r) showed "j) „ 3620m. 35CCbrw, 1740s, 1 2 7 5 m ,

1165s, 1035ns and 9&5m am \  which on treatment with BN cones 

Reagent save rhe bromo-keto-estec (55) as the only product.

(.ii) With Anhydrous Sodium Chromate ̂-- -  -

The olefin-ester (29) (40.)mg, O.96minol) and anhydrous sodium

chromate (lbOmg, Immol) in a mixture of acetic acid (4ml) and

acetic anhydride (2ml) were stored at 40° for 24h, when a. further

portion 01 scdium chromate (l60iner) was added. After stand..ing -t'or

a further °7h at this temperature the reaction was diluted with

water and the product thoroughly extracted into ethyl acetate.

Analytical t.l.c. of the resulting oil showed the presence of three

components. Preparative t.l.c. of a sample of the oil in ethyl

acetate-petrol (l:4) gave the olefin-ester (29) (lOmg) as the most

mobile component followed hy the enone-ester (54) (58mg), an oil

which showed 'j) 3020m, 1740s, 1680s, 1260brm, 1196s, and 1172s cmmax
T  5*49 (liI,d,J9Hz), 4.20 (lH,d,J10Hz), 6.38 (3H,s) and 7.76 (2H,

unresolved), g.l.c., 1$ 0V-1, 225°> 3175* (Pound: 0, 77.9;

C^H.,-0, requires C, 78.1; H, 10.75$). Just separate from this band 28 46 3
was the enone-ester (57)(l2mg) which showed ^^^3020m, 1740s, 1675s, 

1270m, 1230s, 1190s, 1170s, and 1105m cm”1, X  3.21 (lH,d,J18Hz, 

each limb further split by 1.5Hz), 3.77 (lH,d,J18Hz, each limb further 

split by 3Hz), and 6.34 (3P>S)» g.l.c., 1$ 0V-1, 225 » 3152 

(Pound: C, 77.9; H, 10.9. C28H46°3 r^ uires c» 78,1; H’ 10*75$).
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Deuterol.vsis of the Knone (54)

Tieatment of* the enone—ester (54) (90mg) with ].iihiw> aluminturn 

deuteride and aluminium trichloride as described in Riri II afforded 

A , 5~aeco-/), 4 .71 7~tetrodenteri o-4-hydroxycho 1 est-5-ene (~8) (7Omg) 

which had $ max 364On, 3550-3150brw, 3010m, 2180w, 208fw, l640w,

1165m, 1110m, 1090drm, 950s and G65m cm ", X  4«51 (2H,q, limbs at 

- 7 and ~ 21Hz), M+ 392 (Calc, for C0 „H ., D. 0 : M, 392; > 95̂  d.27 44 4 4
by comparison with unlabelled alcohol (32)).

Oxidation of the Tetradeuterio-hydroxy-olefin (58)

Oxidation as described for the imlabelled alcohol (32) gave a 

trideuterio-aldehyde (59) which had M+ 389 (Calc, for

^27̂ 43^3̂  : ^95$ d^ by comparison with imlabelled aldehyde (33).

Acetalisation of the Trideuterio-Aldehyde (59)

Standard acetalisation afforded A,5-seco-4i7,7-trideuteriochoIest-

5~ene-4~ethylene acetal (60) which showed ^ max 3010m, 2i63w, 205r, 1645-w*

1265m, 1215w, 1200s, 1170m, 1060s, and 890m cm"1, T'4.54 (2H,q, limbs

at - 3 and - 21Hz) and 6.09br (4H,m), M+ 433 (Calc, for

ConH.r,D,0o : M, 433; >959- d, by comparison with imlabelled acetal (3)).27 4 1 3 2 3

Cyclisation of the Trideuterio-olefin-acetal (60)

The acetal (60) (80mg) gave on preparative cyclisation a:: before

a dideuterio-hydroxy-ether (6l) (l3̂ ig)» a gum which showed

}) 3530m, 3012w, 2235w, 2110w, l63fw, 1290m, 1260w, 1160m, 1130m,max
1120m, 1095s, 2 055s, and 895m cm”1, X  4.43 (lF,d,J3Hz), 6.3obr (4H,s), 

and 7*44br (lH, exchangeable with E^O), ^ ^32 (Calc. for

CooH„oDo0o : M, 432; >95/' d? comparison with imlabelled material (38)). 29 48 2 2 2



69

The more polar component, the trideuterio-alcohol (6?) (llmg) showed

^max ^625w, 3605sh, 2180w, 2135w, 2100w, 1165m, 1090w, 1075m, 1050sh,

1045s, 1020m, 1010m, and 940m cm-1, X  9-04, 9.11, 9.17, and 9 57

(methyl resonances), Tvf 391 (Calc, for Cor7H,c:070 : M, 591; >96^' d
^ ( 4 9 j 5

by comparison with unlabelled alcohol (4l)).

lithium Aluminium Hydride Reduction of the Enone-ester (54)

Standard reducing conditions afforded a two component mixture in

which one product predominated. Preparative t.l.c. in ethyl acetate-

petrol (2:3) afforded a pure sample of the rajor component,

4,5-seco-4,7jS -dihydroxycholest-5-ene (65) (65^ yield from (54)),

m.p. 121-123°, 'j) 3640m, 3608m, 301Qw, and l660w cm"1, Xmax
4.51 (2H,q, limbs at - 1 and - 11Hz), 6.14 (lH,d, J6Hz), and

6.37 (2H,t,J6Hz), M+ 404 (100), other peaks at 389 (16), 386 (36),

371 (16), 334 (27), 351 (60), 315 (22), 313 (63), 290 (23) and

219 (37) (Calc, for C2?H4Q02 : M, 404).

Deuterolysis of the h.iol (65)

Deuterolysis of the diol (63) (78mg) as described in Part II

afforded a deuterated-alcohol (64) (59rog) which showed

3) „ 3638m, 3008m, 2155w, 2115w, l650w, and 1120s cm"1, Xmax
4.51 (2H,q, limbs at - 8 and - 18Hz, low.field limbs broad), and

6.16 (2H,t,J6Hz), M+ 389 (Calc, for C^H^DO : M, 389; > 98$ & 1

by comparison with unlabelled alcohol (32)).

Attempted Photo-oxygenation of the Olefin-acetal (8)

The olefin-acetal (8) (50mg) and hematoporphyrin (4mg) in dry 

pyridine (5ml) were irradiated with a 60W desk lamp and oxygen
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"bubbled through the solution for 24h. The product was recovered by 

extraction into ether and shown tc he unchanged olefin-acetpl•

In another experiment a similar solution was irradiated wixh 

a hj.gh pressure Hanovia ultra-violet lamp but this resulted in 

decolourisat Lon of the solution after 50 min and again the olefin- 

acetal was,recovered unchanged.

7 od - and 7J2> -Deuteriocholesterol C71) and (65)

Both compounds were prepared as de^orb-ed in Part II and the 

7 cC. -deuteriocholesterol (7l) ( >97$ d^) was shov.n to be 82.5$ J <£ -a, 

17*5$ 7 -d. The 7 /S -deuteriocholesterol (65) ( > 97$ d^) had

97$ 7 j3 -d.

This was prepared by synthesis from 7 j3 -deuteriocholesterol (65)

by the route described for unlabelled acetal (8; and showed

j) 5010rn, 2155w, l650w. 1140sh, 1150s, 1050sh, 1055s, and 940 cm"1, max
X  4»54 (2H,q, limbs at - 7 and - 17Uz, lowfield limbs wj = 2Hz,

highfield limbs wi = 5Hz), 5*18 (lH,t,J4Hz), and 6.12br (4H,m),'2
M+ 451 (Calc, for C^H^IK^ : M, 45l)«

Cyclisation of the 7 -Deuterio-acetal (66)

Under the previously described conditions the -deuterio-

acetal (66) afforded a deuterated-hydroxy-olefin (67) which showed

j) 5540m, 5010m, 2250w, I65OW, 1150m, 1095s, 1050s, 955m, and max
900m cm"1, X  4.46br (lH,d,J4Hz), 6.40br (4H,ro), 6.56br (lH,s) and 

7.45'or (lH,s, exchangeable with B2O), M 451 (Calc, for

CooH,_D0o : M, 451? > 9 6 $  d by comparison with unlabelled
^9 49 <■- ■L

hydroxy-ether (58)).



The hydroxy-ol efin (3?.) (80mg, 0.21mmol) and 4-bromo-henzenesulphor.yl 

chloride (l00mk;y O.39mmol) in dry pyridine (’ml) were stored at 0° for 

12h. The brosylate (70) (lllmg, 87/0 isolated hy ether extraction ar.d 

purified by t.l.c. in ethyl acetate-petrol (l:9) as a gum showed 

^max ^010n>’ 1820w, lo50w, 1270m, 1185s, 1175s, 1095s, 1068s, 1010s,

960s, and 940s cm"1, X  8.28 (4H,s), 4-59 (2H,m, limbs at - 11 and 

- 21Hz, lcwfield limbs further split by 5-dz).

Solvolysis of the Brosylate (70)

(i) At reflux

The brosylate (70) (22mg) and urea (4mg) in 2,2,2-tri.fluoroethanol 

(4ml) under nitrogen were refluxed for 72h. Extraction into ether gave 

a gum which on t.l.c. in petrol was shown to consist of a very mobile 

component (Rf 0.9) and sorrr much more polar components. Preparative 

t.l.c. afforded a sample (3mo) of the mobile band. G.l.c., Vfc 07-1,

225°, of this sample showed peaks at 4.60 and 5*5 m.in (t’:l)

(c.f. cholestane, 5 <£-cholest-6-ene, and 5 -cholest-6-ene at p.5,

5.5 and 4.65 min; ^  at 3*45 and 6.05 min respectively).

(ii) In a Sealed Tube

The brosylate (70) (42mg) and urea (8mg) in trifluoroethanol (5ml) 

were sealed in a glass tube an^ kept at 105 ^5° for 40h. Isolation of 

the product as above gave a sample of the mobile component (4mg).

G.l.c., Iff 0V-1, 225° showed peaks at 2.5, 3.2 and 4.6 min (1:1.5:16).

The peak at 4.6 min was identified as -cholest-6-ene byt
co-in.jection with an authentic sample and by comparison of their mass 

spectra obtained by g. c. - m.s.
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7oC -Deuteriohros;y 1 ate (75)

The sample of 7 -deuteriocholesterol (7l) was converted to

4»5-s^co-7^ -deuterj o-4-hydroxycholest-~5-ene (72) as previously 

described. The alcohol (72) had 4-58 (2K,m, limbs at - 10 and

-  20Hz, lowfield limbs further split by 5Hz), M+ 389 (Calc, for

: M, 389; >97'a d^ by comparison with unlabelled alcohol (32)), 

and was converted to the J oC -fleu^erio-brosylate (73) as above.

Solvolysis of the 7 oC -deuteriobrosylate (73)

The 7 -i -deuterio-brosylate (73) (30mg) and urea (8mg) in 

trifluoroethanol (3.5^l) were sealed in a glass tube and kept at 

105 ”5° for 40h. Work up as before and chromatography gave the

hydrocarbon fraction (3^g), which on g.l.c., 1# 0V-1, 200°, was one

peak identical by co-injection with 5 |3 -cholest-6-ene. G.c. - m.s. 

gave M+ 370 (100) other peaks at 355 (42), 301 (8), 274 (60), 257 (66), 

247 (26), and 215 (66), isotopic ratio 370:371 = 79:59 (average of 

5 scans),

Relative size of d-̂ contribution = 39 - 29*7# of 79 =

Patio d :d. = 79:15-5, <*, » 16.5#o i _i________

Authentic 5 -cholest-6-ene showed M 370 (100), 355 (44), 301 (6),

274 (62), 257 (68), 247 (30), and 215 (62).
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ROUTES TO THE 10 gC -ySTHTL ACETAL (80)

Cho'lesta 1,4-dienone (Bl)

Cholestenone (l5g» 4mmol) And 2,3-dichloro~5,6-dicyano-l,4- 

benzoquinone (l2g, 5.2mmol) wer.- re fluxed in dry "benzene (600ml) for 

20h. Filtration of the crude solution and evaporation of the solvent 

in vacuo af^o^ded a dark red gum from which was obtained cholesta-1,4- 

dienone (l9-5g, 83?'), m.p. 114-115° (lit..,55 111-112°) by filtration 

of the gum through grade H alumina in petrol-benzene (l:4)•

Ozonolysis of Cholesta-1,4-dienorie

(i) In Acetic acid/Ethyl acetate

Ozone-enriched oxygen was bubbled through a solution of the 

dienone (8l) (300mg) in acetic acid (3ml) and ethyl acetate (3ml) 

at 0° for lh, at which point t.l.c. showed the absence o** starting 

material. Excess ozone was discharged from solution by passage c- 

nitrogen, a.nd the mixture poured into aqueous sodium hydroxide con­

taining 30°/o hydrogen peroxide (5 drops). After stirring thoroughly 

for 15 min the neutral products (l5Cmg) were extracted into ether. 

Acidification of the remaining aqueous solution and reextraction 

into ether afforded acidic products (l42mg). . Preparative t.l.c. 

of the neutral components in ethyl ace*«te-petrol (3:17) gave a

keto-aldehyde (86) (72mg) m.p. 110-11?" with softening at 103° which
-1

showed }) 2710w, 1738s, 1705s, 1315w, 1075m, and 940m cm , X
* max

0.53 (lH,s), 8.70 (3H,s), 9.09, 9.18, and 9.24 (methyl resonances),

M+ 36O (Calc, for C^H^Og : M, 3^0) other peaks at 345, 342, 327,
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275? '-AI « ane. £c'?, J-etbylation of the acidic fract .ion with ethereal 

diazome thane gave after preparative t.l.c. In ethyl acetate-petrcl (l:3) 

a sa.mr"! e of a keto-ester (118) (22mg*) as a gum which had 

Djnax 1755-1715s, 126'5s, ]240sh, 1205.71, 1185m, 1160s, 3100s, 101 5m, 

and 900w cm-1, T  6.33 (3H,s), 8.12 (3h,s), 9.O9, 9*18, and 9.36 

(methyl resonances), l,+ 39O (Calc, for CorJ* 07 : V, 390) other peaks2p 42 3 ' *

372, 359, 331 » 313» 303» 302, 285, 260, and 247. A further two

attempts to reproduce the yields in this reaction failed, although

small amounts of (86) and (118) could he detected by t.l.c. of the

mixtures cMained.

Attempted Deformylation of the Keto-aldehyde (86)

The keto-aldehyde (86) (50mg) was refluxed in 5$ methanolic 

potassium hydroxide for 3h. The product was isolated by extraction 

into ether and preparative t.l.c. in ethyl acetate-petrol (l:9) 

afforded a sample of Inhoffen Ketone (82) (6mg) as a gum which 

crystallised slowly on standing at 0° and which had m.p. 44-48°

(lit.,55 52°), )) 1712s, 1275w, 1180m, 1150m, 95Cw and 910w cm" ,max
T  8.94, 9*08. 9*17, and 9*23 (methyl resonances). The remainder 

of the product consisted of more polar material which was not 

investigated.

Attempted Decarboxylation of +he Keto-acid (87)

The crude acidic fraction from ozonolysis of the dienone (81) 

was refluxed in 10$ methanolic potassium hydroxide for 4h, but this 

resulted in formation of only a small quantity of Inhoffen Kstone as 

judged by t.l.c..
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Ozonolysis of the Dienone (81)

(ii) In Ethyl acetate at -78°

Ozonoiysis of (81) (lOOmg) in ethyl acetate (.Imi) at -78°

for 5 min led to formation of a mobile component on t.l.c. and

complete consumption of (81). Excess ozone was discharged by passage

Oj. nitrogen and. the solvent evaporated in vacuo to leave a semi-solid

mass. Preparative t.l.c, in ethyl acetate-petrol (l:4) gave the

ozonide (89) (20mg) m.p. 114-118° which ^hcr^d }) 3020w, 1805m,max
1685s, 1615m, 1.315m, 1270m, 1190m, lllOsh, ilOOs, 980w, 955w, and 

915m cm \  J) (cyclohexane) 780s, 760sh cm \  X  4*06 (lH,s),1713/X

4.18 (lH,d,J2Kz), 4.69 (lH,s), and 8.85 (3H,s), K+ (20ev) 430 

(Calc, for C27̂ /|2°4 : ^30) other peaks at 414» ^02, 384» 369* 332,

302, 271, 247, and 245.

Decomposition of the Ozonide (89)

The oxonide (89)» obtained, as above from the dienone (8l) (lOOmg)

was not isolated but dissolved directly in acetic acid and refluxed

for JO min. The crude product, isolated by extraction into ether was

purified by crystallisation from ether-ethyl acetate to give the

unsafurated keto-acid (88) (38mg) as white crystals m.p. 203-206°

(lit., 206-20'f>) and showed )) 3580w, 3500-2500br, 1720-1700s, 1110m,' max
and 965s cm”1, X  3.32 (lH,d, JlOHz), 4.05 (lH,d, JlOHz), and 6.15hr 

(lH,s, exchangeable with D2°)’ The corresponding ester (90) was 

obtained by methylation of the acid (88) with ethereal diazomethane 

and after purification by preparative t.l.c., the gummy solid showed

3015w, 1715brs. 1630m, 1200s, 1170s, 1080w, lOOOw, and 950w cm”1,max
x 3.81 (lH,d, J12Hz), 4.09 (1H,d, J12Hz), and 6.35 (3H,s).
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Ozonoiysis of the Ester (90)

The ester (90) (lOmg) in ethyl acetate (im!) ) at -78° was 

ozonised as described above for 'lh. Analytical t.l.c. of the product 

obtained by refluxing the crude ozonide in acetic acid, followed by 

methylation, showed the presence of the ester (90) as the principa/I 

product with trace amounts of Inhoffen Ketone (82) and keto-ester (118).

Attempted Osmylation of the Unsaturated Keto-ester (90)

In a typical experiment the ester (9C) (l20mg) and osmium 

tetroxide (25mg) in tetrahydrofuran (5̂ 1; wexc stirred during addition 

of a solution of sodium periodate (220mg) in water (lml). After 

setting aside for 24h the ester (90) was recovered unchanged.

Attempted Oxidation of the Dienone (8l) with Ruthenium Tetroxide

The dienone (jJOOmg) in acetone (20ml) was added to a suspension 

of ruthenium dioxide (20mg) in acetone (20ml) followed by a solution 

of sodium periodate (700mg) in water (2ml). A further 1.5g of sodium 

periodate was added ?s a solution in the minimum volume of acetone- 

water (l:l) over a period of 4h. Methanol was added and the solution 

filtered and concentrated in vacuo before isolating the product by 

extraction into ether. The crude product, principally acidic material, 

was refluxed in acetic acid containing a trace of phosphoric acid 

for 2h and Inhoffen Ketone (82) (25mg) recovered by preparative t.l.c. 

of the neutral fraction produced.
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Rearrangement of xhe Dienone (8l)

A solution of the dienone (8l) (2,5g>) and concentrated sulphuric

acid (ig) in acetic anhydride (70ml) was kepi at 20° for 3h, The

product was isolated by carefully pouring the solution into 45?'

aqueous potassium hydroxide solution followed by ether extraction

to give the acetate (9l)» which was not purified but dissolved in

5/( methanolic potassium hydroxide and stirred for 17h. Extraction

into ether and recrystallisation from methanol afforded the phenol (94)

(2.0g), m.p. 144-146° (lit.,^ 145-1460) which showed S> 5620s,m&x
3080w, 1585m, 1500s, 1270m, 1260m, 1220m, 1180m, 1155s, 1025m, 960w,

940w and 850w cm”1, T  3.15 (lH,d, J4Hz), 3.55 (lH,d, J4Hz),

5.50 (lH,s), and 7.88 (3H,s).

Methylation of the Phenol (94)

To the phenol (94) (2f) in 95a ethanol (60ml) was added 

cautiously 6 OJ0 aqueous sodium hydroxide (7ml) followed by dimethyl- 

sulphate (10ml). A further three portions of sodium hydroxide solution 

and dimethylsulphate were added alternately. The solution was diluted 

with water and extracted into ether to give the methyl-ether (92)(l.8g) 

m.p. 104-106° (lit.,^ 104-105°) after recrystallisation from methanol.

Reduction of the Methyl-Ether (92)

(i) A solution of the methyl-ether (lg) in dry tetrahydrofuran (70ml) 

was slowly added to redistilled liquid ammonia (70ml). Portions of 

lithium metal (270mg in total) were added and the resultant deep blue 

solution stirred for 1.5h. The reaction was quenched by careful 

addition of absolute ethanol and the ammonia allowed to evaporate. 

Ethereal extraction of the residue afforded unchanged methyl-ether (92).
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(ii) To a solution of H e  methyl-ether (92) (is) in anhydrous 

einylamine (lOOml) and t-amyl alcohol (l2ml) was added lithium (l.lg) 

in portions over 15 rain. rrhe reaction mixture was stirred ^or a 

further 1.5h and then quenched and worked up as in (.i) to give, 

after filtration of the crude product in petrol through grade K 

alumina, the olefin (95) (780mg) as a semi-crystal line solid which 

rrowed }) 2950s, 2880s, 1470s, and 1380s cm"1, X  9.09, 9.18, and
9*33 (methyl resonances), M+ 570 (Calc, for : M, 370).

Reductive Elimination of the Dienone (£1)

To a refluxing solution of "biphenyl (660mg) and diphenylmethane 

(365mg) in dry tetrahydrofuran (4ml) under nitrogen was added a pellet 

of lithium (50mg). The solution was stirred for 15 min when the 

lithium dissolved to produce a dark green solution to which was added 

dropwise a solution of the dienone (81) (750mg) in dry tetrahydrofuran 

at a rate such that the green colour of the solution was maintained. 

The solution was refluxed for a further $0 min, cooled, and methanol 

(l.5ml) followed by water (2ml) cautious.ly added. The product was 

isolated by extraction into ether and the phenol (96) (700mg) obtained 

pure by filtration through a short column of grade H alumina. The 

phenol had m.p. 119-120° (lit.,74 113-114°) and showed 3620s,

3060w, I6l0w, 1500m, 1280m, 1240m, 1175s* 1150m, 925w, and 915w cm 1, 

X  2.87 (lH,d, J9Hz), 3.40 (lH,d, J9Hz, lowfield limb further split 
by 2Hz), 3.46 (111,s, superimposed on highfield limb of doublet),

4.66br (lH, exchangeable with D2̂ ) an(̂ 7»23br (2H).
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Reduction of the Phenol (96)

A solution of the phenol (96) (l50mg, O.Amnol) in dry 

'tetrahydrofuran (l5ml) was added to redistilled liquid ammonia 

(30ml) and lithium (l„25g, to give a 4. ST,' solution) added in small 

portions. A two-phase system (bronze and blue) developed and 

stirring was continued for a further lh when absolute ethanol (5ml) 

was cautiously edded. After a further lh sufficient absolute ethanol 

was added to quench the reaction and the product isolated as before. 

The sole product, the hydroxy-olefin (97)(l30mg) was purified by 

preparative, t.l.c. to give a gum which slowly solidified and showed 

3630m, 1040s, and 955w cm"1, X  6.35br (lH,s) and 8.12brjTjcIX
(~7Ii, allylic -CH-), M+ 372 (Calc, for Co,E.„0 : M, 372) otherzb 44
peaks at 370, 354, 339, 294, 241, and 215.

Attempted Methylenation of the Hydroxy-olefin (9?)

6l 62Following the method of Cinsig and Cross ’ ~, methylene iodide 

(l.35g, 5.C2mmol) was added to freshly prepared zinc/corner couple 

(0.42g, 6.4mmol) in dry ether (4ml) and the mixture refluxed foe 

10 min. The hydroxy-olefin (97) (lOOmg, O.27mmol) in dry ether (lml) 

was added dropwise and the mixture refluxed for a further 30 min. The 

entire mixture was transferred to a thick-walled glass tube, distilled 

to half-volume, and a fresh portion of ether (lml) added. The tube 

was sealed and maintained at >5° for 3h. Isolation of the product 

by extraction into ether gave a complex mixture on t.l.c.. Flution 

of a band corresponding to (97) on preparative t.l.c. was shown to be 

a mixture of two closely spaced components on reexamination by 

analytical t.l.c.. Separation of these components could not be
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achieved by further t.l.c. hut the mixture showed }> 3620m, 30ci0m,max
1040s, and 940m cm"1, X  6.40br (lH,s), 9.42 (0.4H,d, J4Hz), and 

9.71 (,0.4H,d, J4H2.). A further six attempts to repeat the yields 

obtained by Ginsig and Gross failed to improve the product ratio 

obtained above.

Attempted o«-AlkyIation of the HyJroxy-olefin (97)

(i) The hydroxy-olefin (97)(l»lg» 3mmol) and sodium hydride (80mg, 

3.3mmol) dry ether (10ml) were stirred at 20° for 17h while ethylene 

oxide was allowed to bubble through the solution. No reaction was 

detectable by t.l.c..

(ii) The hydroxy-ole fin (37Cmg, Immol) and sodium hydride (27m g,

l.lmmol) in dry dimethoxyethane (10ml) were refluxed for lh. A 

solution of the dihydropyranyl ether of ethylene glycol monotosyla be 

(320mg, l.lmmole) in dry d':methoxyethane (10ml) wa3 added dropwise 

over 5 min and the solution refluxed for 17h, and again no reaction 

ensued. A similar experiment at 20° also showed no pT’ccucts other 

than (97)*

(iii) The hydiu^y-olefin (40mg, 0.Immol) and sodium hydride (lOmg,

0.5mmol) in dry dimethoxyethane (3!1*l) were treated with

ft -propiolactone (lOmg, O.l^mmol) at 20° for lh. No simple new 

products were discernible but nolymeric material was produced.

(iv) To a solution of the hydroxy-olefm (97) (l.lg» 3nuno.l) in 

toluene (l2ml) at reflux was added tr:ethylamine (2 drops) followed 

by dropwise addition of freshly distilled diketene (0.3ml) and the 

reaction maintained at reflux for 1.5h. Isolation of the crude
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product "by ether extraction gave an oily 0 -he-to-eaier (99) (l.4g)
i

as the sole product $ (film) 1740s, 17203, 1680m, i;.25m, 1245s,

'|.l60c, 1040s, 1000m, and 750m cm The crude ^ -keto-ester (99)(l.4g)

was dissolved in etharol-other (irl) (15™l) and added to a suspension

of sodium borohydride (lOOmg) in c-thanol (10ml). The mixture was

stirred Tor 10 min, and the excess borohydride decomposed with dilute

mineral acid before isolating rhe gummy hydroxy-ester (lOO) (l.25g)

by extraction into ether. The hydroxy-ester showed *)) (film)max
3600 - 260ubrs, 1730s, 1190s, 1085s, 1005s, 950m, and 740w cm”1.

Attempted Simmons-Smith Methylenation of the Hydroxy-ester (lOO)

The hydroxy-ester (100) (l30mg, 0.33‘rTm°l) was treated with

zinc/copper couple (340mg, 5̂ ol) and methylene iodide (670mg,
752.5nimol) according to Rawson and Harrison . After reflux for 

17h no reaction had ensued and the hydroxy-ester was recovered.
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Reductions with Chi o ro al urn.i n ium Hy dr ides
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INTRODUCTION Ml) DISCUSSION

Giiice its introduction iri 1947"̂  as a reducing agent for organ!'*

compounds, lithium aluminium hydride has proved to have widespread

utility, Over the past twenty-six years various means have been

sought to alter the selectivity and steriospecificity of the reagent.

One of the most common has been by reaction with various alcohols or

esters to produce lithium alkoxyaluminium h ,•drides of differing

stoichiometries and these have found application in improving the

sterioselectivity of ketone reductions and in syntheses of compounds

which would normally react further with lithium aluminium hydride, as
2 3in the formation of aldehydes from acid chlorides o^ from nitriles .

A particularly fruitful modification of the re,'agent has been 

achieved by reaction with group Illb metal halidus ana in particular 

with boron trifluoride and aluminium trichloride. The ^ormer reaction 

provides a convenient means of generating diborane and the latter 

combination, of much synthetic utility, has found application in the 

hydrogenolysis of acetals, ethers, and allylic alcohols, and in the 

epimcrisation of alcohols, and has been usefully employed in the present 

work to stereoselectively label allylic methylene groups with deuterium.

The nature of the reagent formed when lithium aluminium hydride 

is mixed with aluminium trichloride is still not completely resolved. 

Conductivity studies of ethereal solutions of lithium aluminium hydride 

and aluminium trichloride led Evans^ to suggest the following speoics 

in solution:-



8?

LiAlH^ + 2A1C1^— > LiC-1 + AlgCl + +

LiAlH + Al^Ol + + A1H~ > LiCl + 4A1H,C1,
4 j 4 <

LiA'lHj -i- AlE^Ol — » LiGi + 2AIR..

The presence of dichloroaluminium nydrice in solution was discounted
c

by Evans but Ashby and Prather have demonstrated aluminium hydride, 

dichloroaluminium hydride, and iionochloroaluminium hydride in such 

solutions by infra-red analysis, and isolated their corresponding 

triethylamme complexes. Since lithium chloride does not precipitate 

from solution it is suggested that LiAlHCl^ and LiAlH2Cl2 may also be 

present in solution, and their presence may in part explain its 

conductivity which in itself is very small. The stoichiometry of the 

reaction appears to be best defined as follows

LiAlH^ + ^AlCl^— >4A1HC12 + LiCl = 3A1KC12 + LiAlHCl^,

LiAlH^ + AlCl^ — > 2A1H2C1 + LiCl = A1H2C1 + LiAlHgClg,

^LiAlH, + A1C1, -->4A1H7 + LiCl.4 5 5
The most commonly used ratio, LiAlH^: A1C17 = 1:4» has cien shove*- to 

result in production of dichloroaluminium hydride arid excess aluminium 

chloride remains in solution, viz.

LiAlH4 + 4A1C15 — »3A1HC12 + LiAlHCl^ + AlCl^  (l)

The effect of adding a Lewis acid to litMum aluminium hydride is 

twofold,

(i) the nucleophHiridy of the reagent is reduced and 

correspondingly its electrophilic properties are 

enhanced, and

(ii) the overall direct reducing power is diminished.



AI-H-
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On the basis of elegant vrark on epoxide op~ning with differing ’mixed 

hyciride' reagents , and by using lithium aluminium deuteride in 

eomb*r>?+ ion with aluminium trichloride, the products arising from these 

reactions have been rationalised in terns of the properties of the 

’mixed hydride’ used. A marked contrast is evident in the properties 

of aluminium hydride, favouring direct reduction, or opening to the 

allylic alcohol, and dichloroaluminium hydride giving largely re­

arranged products via carboniun ion intermediates, Figure (l)* 

Participation by LiAlHCl^ in the reduction is shown by comparing product

ratios obtained using LiAlH.s A1C1-, = 1:3 and pure dichloroaluminium4 3
hydride; this shows that LiAlHCl- is a better hydride donor than3
dichloroaluminium hydride and that it gives more direct reduction at the

expense of rearrangement.

The present studies on the hydrogenolysis of allylic alcohols

stemmed from the requirement to stereoselectively label the 7 cC - or

7 |3 *“ positions in cholesterol with either deuterium or tritium. Two
7methods for achieving this have already been mentioned . but our 

attention was drawn to the possibility of using chlsroaluminium hydi^des 

by our previous use of the reagent in the reduction of cholestenone to 

cholest-4-ene. It seemed likely that this reduction proceeded through 

the allylic alcohol, or a complexed form thereof, and since it is well 

known that in displacement reactions at C-7 in steroids the incoming 

group approaches selectively from the oC -face because of stcric 

hindrance to -approach, the chances that a steriospecific introduction 

of hydride or deuteride could be achieved seemed good. These 

assumptions received support from a previous extensive study by 

Brewster and Bayer^ on the hydrogenolysis of enones and allylic 

alcohols.



ll

L

(1) R,= R2=X = K.

(2) R1=R2= H : X=Ac.

(3)R,=R=D:X=H .

(7) R-H (S'R=H

(8 ) R=D (10)R=D

(11) (12)



Synthesis of 7 j5 -hydroxycholesterol (7) from cholesterol (l) 

wpj accomplished in high yield as follows; (a) allylic oxidation of 

the acetate (2) with anhydrous sodium chromate in acetic ac.'d and 

acetic anhydride^; (h) carefully controlled reduction of the resulting 

7-oxocholestoryl acetate (6) using lithium aluminium hydride. Similar 

reduction of (6) with lithium aluminium deuteride afforded 

7 oC -deuterio 7 p -hydroxycholesterol (8). The corresponding 

7 oC, -hydroxycholesterol (9) was produced by photooxygenation of 

cholesterol to give in the first instance 9 ̂  -hydroperoxy-3 p - 

hydroxycholest-6-ene (11), which when stirred in chloroform rearranged 

to give 7 oC -hydroperoxycholestercl (12) and this was reduced to 

7 oC -hydroxycholesterol (9) with sodium borohydride. A sample of 

7 jS -deuterio-7 oC -hydroxycholesterol (10) was produced in a like manner 

by photooxygenation of 7*7~dideuteriocholesterol (5)*

Hydrogenolysis of the allylic alcohols was performed in a 

standard manner. Dichloroaluminium hydride was prepared at 0° under a 

nitrogen atmosphere by adding a suspension of lithium aluminium hydride 

in ether to a solution of anhydrous VI "minii m chloride in ether. After 

15 min the allylic alcohol was introduced dropwise as an ethereal solution 

reduction was essentially complete after 5 min but stirring was usually 

continued for 30 min, when the mixture was quenched with water and the 

product isolated. In all cases a ratio of four parts aluminium chloride 

xo one part lithium aluminium hydride was used which will generate 

dichloroci!-minium hydride as shown in equation (l), and this reagent 

was used in four-fold excess in reduction of the alcohols since it 

has been shown^ that this improved both the rate and yield of 

hydrogenolysis.



TABLE (1)

Substrate
Reducing Products io Products

Agent 4 5 r-7f 9

7 aidci2 97 5 Cholesterol (A.)

8 AlKGlg 17.5 82.5 Cholesterol (p)

9 A1DC12 91 9 Cholest^^''t (c)

10 A1HC12 12 88 Cholesterol (l>;

6 LiAlH. 4 78 °2

(4) R = H R' = D

(5) R = D R' = H



•Fig. 2

(13) R=H
(14)R=D

H

H

(15)

H

OH

(16)

(17)
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To establish the stereochemical result of hydrogenolysis a reliable

means of estimating the amounts of c£ - anti J? - deuterium d  the/
allylic position was required. Vliile the n.m.r, of the products gave 

a useful indication from the structure of the clefinic proton at 

4*69 'X (siiiglet for 7 j3 ~ deuteriocholestercl, doublet for

7 cC - deutpriocholesterol), this could not provide the quantitative
. . .  7estimate required for the project in hand . T'hotooxygenation, however,

is known^^ to react stereospecifical'ly on cholesterol by abstraction of 

the 7 oC - proton, Figure (2), and so by treating the 7-deuterated 

cholesterols in this way and by obtaining the mass spectrum of the 

resultant 3 » 5 cC - dihydroxycholest-6-?ne (13) a reliable and

accurate analytical procedure was established.

The results obtained, shown in Table (l), indicate that the 

reduction is usefully stereoselective with hydride or deuteride entering 

predominantly from the 0C -face. For comparison, ihe reduction of 

7 -oxocholesteryl acetate (6) with lithium aluminium hydride at 0° 

was performed and the proportions o.C 7 cC “ and 7 j3 “ hydroxycholesterol 

in the mixture measured by integration of the relevant n.m.r. peaks. 

Having established the selectivity obtainable in a sterically hindered 

situation, it seemed relevant to examine the reaction of a less hindered 

allylic alcohol. The most accessible system satisfying this condition 

appeared to be the 3 cC - and 3 3 - hydroxvcholest-4-enes in which,

moreover, i,he ring incorporating the alcohol is conformationally more 

mobile.

Synthesis of 3 j8 “ hydroxycholsst-4-ene (15) and 

3 oC - hydroxycholest-4-ene (16) was readily accomplished by reduction 

of cholestenone (17) with lithium aluminium hydride, and separation of 

the resulting alcohols by acetylation of the mixture and crystallisation



(18)

(21) (22)



TAPLE (2)

4 jS -Hydroxy-5 J$ -cholestane (22) + 0.4 equivalents of Eu(dpm)^ 

Peak *Position Multiplicity Effect of Decoupling at Peak Assignment

1 1530 br s (4) becomes s, (3) sharpens 4 oA

2 1010 d, J13Hz (5) becomes d, J 12Hz 6 oi

3 910 br m, (2H) (l) sharpens 3<*.+ 3p
1

4 890 d,J13Hz (l) sharpens
3F

5 500 t,J13Hz (2) becomes s 6/3
f

6 280 s, (3H) C-10 Methyl

* In p.p.m. downfield from T.M.S.
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of 5 /3 -ace toxycholeet-4-ene, followed by preparative t.l.c. of the 

material from mother liquors to obtain the 3 cC - isomer. The alcohols 

were regenerated from their acetates by reduction with lithxjm 

aluminium hydriae. Deuterolysis of these substrates was effected as 

before to produce 3*"deuteriooholest-4-enes. Location of the introduced 

deuterium by photooxygenation was not possible in this case since it 

has been shov.m^ that the process is not specific for the 3oC - proton, 

and that abstraction of the 3 j3 ~ proton occurs because of the more 

flexible ring A.

Accordingly cholest-4-ene (18) was hydroboraced and oxidised to 

give a mixture of 4 oC -hydroxy-5 -cholestane (2l) and 

4 J3 -hydroxy-5 p -cholestane (22) which were separable by preparative 

t.l.c.. These compounds were then analysed by n.m.j. using lanthanide 

shift reagents, in the hope that the resonances due to the 3 cC - and

3 p protons might be distinct and identifiable. By similar 

examination of the deuterated samples the incorporation of deuterium in 

both the 3 oC - and 3B - position** .Mght then be determined. Use of
I

0.4 equivalents of tils - £ dipivaloyimethanatoj - europium (ill),

Eu (dpm)y with 4 -hydroxy-5 |3 -cholestane (22) in deuteriochloroforrr 

shifted the 4 oC - proton signal to lowest field (excepting the hydroxyl 

proton) followed by the 6oC, cC and 3 P ’ 5 P  and 6 jS signals.

^hese assignments were made on the basis of decoupling experiments 

details of which are recorded in Tabl* (2). Unfortunately the 3 oC - 

and 3 p - resonances did not separate at this concentration of shift 

reagent and higher concentrations could, not be used because of its 

limited solubility. Similar difficulties were met in the analysis of

4 oC -hydroxy-5 oC -cholestane (21), so the more soluble shift reagent, 

tris - j^hexafluoro-octanedionatoj - europium (ill), Eu(fod)^, was 

employed. Using 0.45 ©quivalents of EJu(fod)̂  the 100MHz spectrum of



H

(16')

(21)



4 jS -Hydroxy-5̂ 3. -cholestane (22) + C.45 equivalents of Bu(fod)^

Peak -HrPosition Multij lici ’ey Effect of Decoupling at Peak Assignment

1 1518 br s (5) becomes s, (3) and (4) sharpen. 4 d

2 939 d, J14Hz (6) becomes d, J14Hz. 6 d

3 912 d, J12Hz (l) sharpens. 3 oi

4 868 t, JllHz (l) sharpens. 5P
5 806 d, J9Kz (l) sharpens.

6 486 t, J14Hz (2) becomus s. 6 F

7 430 q» (8) becomes s. I d ?

8 290 d, JlOHz 7jS?
os 266 S, (JH) C-10 Methyl

* In p*p.m. downfield from T.M.S.



4 oi -Hydroxy , 5 *6 -cholestane(21) + 0.0 equivalents of Eu(fod)^

Peak *Position Multiplicity
Effect of Decoupling 

at Peak
Assignment

1 > 2000 (5) becomes d JlOHz, 
(5) and (4) sharpen.

2 1352 d (6) becomes t, 

(5) sharpens.

6 oL

3 1262 br m 3*6

4 1198 d, 3P
5 1174 t, (6) becomes t. 5
6 684 q 6P

* In p.p.m. downfield from T.M.S.



Substrate
Reducing Pro ducts Lf ,

Products Reference
Agent T O 20 15 1.6

15 AlDClp 49 48 Cholest-A-ene (]f) This work

15 aidci2 65 55 12

15 aid2ci 55 65 12

16 aidci2 12 84 '"h o 1 e s t- 4- sne ( 7 ) This work

16 A1DC12 15 85 12

16 AlDpCl 15 85 12

17 LiAlH „ 4 89 11 This work

R

R

(19) R =H R'=D

(20) R = D R=H



4 jS -hydroxy-3 j3 -cholestane (22) was analysed and resonances assigned 

tc ojjecific proton configurations on the basis of chemical shift, 

coupling constants and decoupling experiments. At this coi'centrution 

the 3 cC - and 3 J3 “ protons were separated and identifiable, and 

resu]ts are listed in Table (3)* Analysts of 4 cC -hydroxy-5 oC - 

cholestane (21) required the use of 0.8 equivalents of Eu(fod)^ before 

assignments could be made and all the relevant peaks resolved;

Table (4) contains the details.

Having established this technique, the 3-deuteriocholest-4-enes

were hydroborated and europium-shifted n.m.r. spectra of the two

alcohols from each sample were analysed. Repeated integration over the

resonances corresponding to the 3 oC - and 3 j3 “ protons and internal

standards, usually the 5 oC - or 5 j3 - proton, provided a reliable

estimate of the deuterium incorporation in each position. A summary

of the results obtained from deuterolysis of both 3“hydroxycholest-4-enes
12along with those obtained by other workers aftrr the completion of this 

work is given in Table (s). For comparison cho'lestenone was reduced 

with lithium aluminium hydride and the proportions of the two alcohols 

(15) and (16) in the mixture measured by integration over the relevant 

n.m.r. peaks.
Q

Carbonium ions have been invoked to explain the products from 

hydrogenolysis of%llylic alcohols. Both 7-hydroxycholesterol and 

>hydroxycholest-4-ene give only products in which the double bond has 

not migrated (see above), but it seemed probable that- hydrogenolysis 

of 5 cC -hydroxycholest-6-ene (23) might result in formation of 

cholest-5-ene by allylic rearrangement of the initially formed 

carbonium ion. To determine the stereochemistry of hydride addition 

at C-7, deuterolysis of 5 cC -hydroxycholest-6-ene (23) was 

performed under standard conditions, however dehydration occurred



(2/4)
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to give cholesta-/; ,6-diene (2A.) as the only product.

The mechanism of hydrogenol;, sis of allylic alcohols has received
8some attention and it is postulated that the first sten is formation 

of a ohloroalkoxyaluminium compound thus:-

R - OH + A1HC1-- ► ROAICI^ + H2 .... (2)

which occurs rapidly on mixing of the reagents. On the basis of a 

study of benzylic, allylic, and saturated alcohols the next step is

presumed t_> be the slower formation of a carbonium ion by alkyl-oxygen
Q

fission. To has been demonstrated that the rate of reaction decreases 

with dilution and hence the slow step is not a simple heterolysis 

but may involve additional chloroaluminium hydride, or aluminium 

chloride further complexing with the oxygen atom:-

C1 Cl Cl
ROAlClp + A1C1 --- > / A1V  * R+ + A12C15° *••• ^

Cl r Cl
R

In their study of the hydrogenolysis of 3-hydroxycholest-4-enes,
"I n

Romeo et. al. ‘ assert that the reduction of the 3 cC - and 3 J3 - 

alcohols cannot both involve an S^l mechanism since, contrary to 

observation, both compounds would the.u be expected to give the same 

carbonium ion, and they conclude that the 3 cC — alcohol is reduced 

by an 3^1 mechanism, but that reduction of the 3 j3 - alcohol proceeds 

only partly by such a mechanism. No alternative mechanism is suggested.

Such an explanation of the results is less than satisfactory 

and no rationalisation of the observations was attempted in terms of



the previously demonstrated reactivity of the chloroalurninium hydrides.

The allylic alcohols examined ma" be divided into two classes, those 

(l) wicn a quasi-axial hydroxyl group, and those (2) with a quasi- 

equatorial hydroxyl group. In class (l) the result of the reaction is 

seen to be one of predominant retention of configuration at the allylic 

position with either little or r.o valuation in the product ratios on 

changing from formally dichloroeluminium hydride to monochioroaluminium 

hydride. The results with quasi-equatorial alcohols, class (?), may 

not seem ax first sight to show any obvious consistencies, but a 

rationalisation of the results is possible as follows.

It is assumed that the first step in all "these reactions is tne 

rapid formation of an alkoxyaluminium chloride according to equation (2).

The rate of the next proposed step, equation (3)» the heterolysis to give 

a carbonium ion, will depend on two factors; (i) the electrophilicity of 

the aluminium group attached to the oxygen atom will affect the rate of 

reaction, dichloroalurninium hydride being more efficient than 

monochlorcaluminium hydride; (ii) the orientation of the carbon-oxygen 

bond with respect to the double bond should be important; it is 

anticipated that the most favoured orientation for fission is that in 

which the bond to be broken is axial and in the plane of the system 

since in this orientation maximum bonding is achieved. Thus one would 

predict that, other things being equal, the quasi-axial alcohol should 

cleave more readily than the quusi-equatorial.

The next feature to be considered in the overall process is the 

nucleophilicity of the hydride donor, and in this respect monochloroaluminium 

hydride is more effective than dichloroalurninium hydride. Also, since 

lithium chloride remains in solution, species such as LiAlHCl^ and 

LiAlI^Cl£ should also be considered as reacting entities although they 

will be present at only about one third of the concentration of the



Fig. 3
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uncomplexed forms - A very important factor in these reductions 

is the geometry of the transient carbonium ion^ and its stereochemical 

surroundings, if- Assisted fission of cuasi-axial C-0 bonds (~25° out 

of plane with thef- system) requires little change in the geometry 

of the ring so that the predominant features controlling the approach 

of hydride to the resulting cazDonium ion will be torsional strain 

involving partial bonds in the transition state^. If one considers 

approach of a hydride donor perpendicular and from the top face to such 

carbonium ions, then in both the case of the 3 oC - and 7 ~ alcohols

there is am axial hydrogen on the -face adjacent to the carbonium ion 

(at C-2 and C-8 respectively), in addition to the bulk of the 1C j3 - 

methyl group. No such direct 1,2-interactions exist for approach from 

below and as a consequence the predominant course is one of oC -attack.

If the heterolysis of the quasi-equatorial C-0 bonds (~52° out of 

Pi ane with the ~f\ - system) prefers to occur when they are most nearly 

eclipsed with the if- system, then considerable rotation about the 

adjacent C-C bonds is necessary, Figure (3)* The consequence of this 

will be that where such rotation can occur, the initially formed 

carbonium ion ./ill differ markedly in conformation at the adjacent 

methylene group from that which results from an axial alcohol. From 

examination of models it is evident that the major torsional interaction 

of the adjacent axial C-H bond is reduced and so more J3 -attack of 

hydride might be expected. This is indeed observed in the hydrogenclysis 

of the 3 yg - alcohol where ring A still retains some flexibility and 

the proportion of product arising frcm J3 -attack is seoi to increase on using 

a more nucleophilic hydride donor, monochloroaluminium hydride, which 

would be expected to capture the transient carbonium ion more rapidly 

before equilibration occurs.



(6) (17)

(15)
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Bvdrogenolysis of 7 ̂6 -hydrcyycholer.tercl (7) gives however 

substantially the same products as its 7 cC - isomer (9). The reason 

for this lies in the fact that the necessary deformation of ring B 

cannot be obtained duo to its rigidity, although a twisting is possible 

such that the 7 j? ~ oxygen rill depart in a more nearly axial 

orientation, it will be the -ft- system and ring A which will move rather 

than the rigid 3/C ring fusion. Thus the hindrance of the 8 |3 - axial

hydrogen is not diminished and the same product ratio is obtained from 

both the 70C - and 7 J3 - hydroxycholesterols. It is evident from the

results listed, that the stereochemical course of hydride reduction oi 

the corresponding enones, (6) and (17)» mirrors very closely that of 

hydrogenolysis of the quasi-axial alcohols. This is only to be 

expected since the major torsional interactions are similar for both 

the enone system and the allylic carbonium ion produced from the 

alcohols and such differences as do exist in product ratios may well 

reflect the change in the nature and size of the hydride donor, and in 

the centre being attacked.

Prom the Tables it is evident also that there is some discrepancy 

in the ratio of products obtained by us and the Italian group from 

hydrogenolysis ox the 3 p - alcohol (15). The lack of experimental 

details available for the work of komeo^2 precludes an exact 

comparison, but no mention is made of the temperature at which 

reduction was performed. Howfc.''rer, it seems possible that if the 

reaction was carried out at room temperature rather than at 0° then in 

the presence of the relatively poor nucleophile, dichloroaluminium 

hydride, more equilibration of the carbonium ion will have occurred 

prior to capture, thus resulting in more oC —attack as observed.

Further studies in related systems will be necessary to fully 

test the proposals advanced here m  explanation of the experimental 

observations.
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EXPKKTUENTAL

For general experimental directions see Part 1.

Ch^lesteryT Acetate (2)
/ \ ISCholesterol (lOg), purified via the dibromide ' was dissolved in

dry pyridine (100ml) and treated with excess acetic anhydride. The

resulting solution was stirred at 60° for 2U9 allowed to cool, and

poured onto crushed ice. The crude acetate was isolated by filtration

and recrystallised from methanol to yield 5*4g and had m.p. 111-113°

(lit.,16 111-116°).

7-0xocholesteryl Acetate (6)

To a solution of cholesteryl acetate (?) (9St 21mmol) in 

acetic acid (70ml) and acetic anhydride (30ml) s■birred at 60° under 

nitrogen was added anhydrous sodirm ehromate^ (7»3g* 45^mol). The 

mixture was stirred for 20h, coolca, ctiid captiously poured on to iced 

water (600 ml) and stirred vigorously to induce crystallisation. The 

resulting mixture was filtered through glass fibre paper and the crude 

product washed with a little cold acetic acid. The pale green solid, 

recrystallised from hot acetic acid yielded 7-oxocholesteryl acetate 

(7«lg» 7^) as a white crystalline solid m.p. 159-160° (lit.,1  ̂158-159°)

Reduction of 7-oxocholesteryl acetate (6)

(a) At 0°

Normal lithium aluminium hydride reduction as previously 
1 ftdescribed gave a white amorphous solid shown by t.l.c. to consist of
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one major product, and just separated from it hut moie polar, a much

smaller amount of a second component. Preparative t.l.c, in

ebhyx acetate-petrol (l:l) yielded a pure sample of both components.

The major component, 7 -hydroxycholesterol (7) had pi.p. 172-174°

(lit.,19,20 172-176°), y  5615, and 1040 cm"1, X  4.74tr(lH,s),max
6.20(lH,d,J6Kz), and 6.40(lK,m), M+402 (Calc, for Co„K,r0o: M.402).d ( 40 d
The minor component, 7<£ -hydroxycholesterol (9) had m.p.

181-185° (lit.,19,20 185-184°), )) 5615, 1050 and 955 cm"1, X  4.42max
(iH,d,J6Hz), 6.16 (lH,d,J6Hz), and 6.44(lH,ra). M+402 (Calc, for

C27H46°2: k’402).
The 10014Hz n.m.r, spectrum of the original reduction mixture made

it possible to estimate the proportions of (7) and (9). Expansion (X20)

and repeated integration over the region 4*55-4*80 X  indicated the

presence of 7 ft -hydroxycholesterol and J cC -hydroxycholesterol

(9) (22/o).

(b) At -20°

To a stirred suspension of lithium aluminium hydride (0.85g, ??.5rniol) 

in dry ether (200ml) under nitrogen and cooled to -20°, was added a 

solution of the ke+o-acetate (6)(l0g‘, 22.5mmol) in dry ether (200ml) 

over a period of 50 min. The mixture was stirred at -20° for a further 

15 min and then allowed to warm to room temperature and stirred for a 

further 50 min. Usual work up gave 7 j$ -hydroxycholesterol(7)(8.1g, 90ft), 

which was purified by one recrystallisation from methanol.

(c) At -20° with lithium aluminium deuteride

Reduction of theketo-acetate (6) using lithium aluminium deuteride as In (6) 

above afforded 7oC -deuterio-7/3 -hydroxycholesterol (8),

5515, 2120, and 1040 cm"1 , T4*72(lH,s) and 6.40(2H,m), M+405
r max
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(Calc, for C 11 ])G ; --#403), isotopjc ratios;
I 4 2 2

402:403:404:305 = 28.5:100:30.9*/, (Calc, for C^TLcD0of
2 / 45 2

403:40A:405 = 100:29.7:2).

Hejnotions with ];ichlo7>o--;-Mj.m nium .iyrir-ide, General Irocedurp

Anhydrous aluminium chloride (6mmol) was carefully s.adod to dry 

ether (40ml) stirred at 0° under nitrogen. A suspension of lithium 

aluminium hydride (2mmol) in dry ether was carefully added and the 

resulting mixture allowed to stir for 10 min. To this was added a 

solution cl the allylic alcohol (lmmol) in dry ether and stirring 

continued for 15 min, when the reaction was carefully quenched by dropwise 

addition of water and the products isolated in the usual manner. This 

procedure was applied in all hydrogenolysis reactions with minor 

.variations in stoichiometries and substitution of lithium aluminium 

hydride by lithium aluminium deuteride as required. Yields were 

generally in the range 75-2̂ .

Deuterolysis of 7 3 -hydroxycholesterol (7)

On reduction with dichloroaluminium deuteride, 7J8 -hydroxycholesherd 

gave a deuteruted cholesterol (a) with ^ __  3625, 3013# 2120, 2098,
—  Ulct-A.

1048, and 948 cm ' , 73 4»65(lH,d,J5Hz) and 6.48(lH,m), M+387

(Calc, for C^-H. D0:M, 387), isotopic ratios, 386:387:388:389 = 7:100:31:4 2/43
(Calc, for C0„H.r-DO, 387:388:389 = 100:29.7:2), other peaks at 2/45
372, 369, 354, 302, 275, 274, 256, 247, 232,. 214, and 200.

Hydrogenolysis of 7<£ -deuterio-7-hydroxycholesterol(8)

Reduction of (8) with dichloroaluminium hydride gave a deuterated

cholesterol (b ) with')) 3621, 3027, 2156, 2144, 1047 and 949 cm ,-  ...  — ■ max
X  4.67(1H,s) and 6.50(lH,m), M+J87 (Calc, for C^H^DO:}/!, 387),
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isotopic rat5 os, Jo6: 38? : 388: 509 ~ 3:100 : 30:4 ( Calc • for

C^yH 7X), 337088:1-89 - 100:29*7:2), other peaks at 372, 369, 354,

302, 279, 274, 256, 247, 232, 214, and 200.

5 ^ , 5 <£ ~tlihydroxycholest--6~or.»e(l 3

Cholesterol (300mg, 0.8mmol) and hematcpcrphyrin (2mg) were

dissolved in dry pyridine (3ml) and oxygen was "bubbled through the

clear red solution while it was illuminated using a 60V»r desk lamp.

The reaction was terminated after 6h arid the hydroperoxide (ll)

formed, reduced to the corresponding alcohol by pouring the pyridine

solution into a suspension of sodium horohydride in methanol, stirring

for 15 min and then working up as usual to give a mixture of cholesterol

and (13)» The latter component, constituting 75c/° of the mixture, was

isolated by preparative t.l.c. with ethyl acetate-petrol (2:3) and

had m.p. 180-181° (lit.,21 181°), 3) 3622., 3015, 1635, 1037, 1018,max
950, and 862 cm”1, X  4.40(2H,s) and 5.90(lH,m), M+402 (Calc, for

C-„II. 402), isotopic ratios, 401:402:403:404 = 13.5*100:31:8 and2 ( 4 0  2
384:385:386 = 100:32:6.5, other peahs at 384, 366, 355, 301, 247, and 

213. These .isotopic ratios were used in calculating the deuterium 

content of labelled 3 jg ,5<£ -dihydroxycholest-6-enes, since by 

obtaining the mass spectra under standard conditions due allowance can 

be made for the (M-l)+ ion.

Photooxy^nation of Cholesterol (a)

By the above procedure, cholesterol (a ) yielded on photooxygenation

and purification a 3 jS ,5 <£ -dihydroxycbolest-6-ene with

$ 3622, 3015, 1635, 1037, 1019, 949 and 862 cm”1, X  4.40(2F,:max
5.90(lH,m), M+402, other peaks at 384, 366, 351, 301, 247 and 213,
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isotopic ratios 402:405:404 = 100:52:13.5 (Unlabelled

401:402:403:404 ■-= 15« 5:100:31:14)* . . contribution from d, species
^ / \ +403 •■= 21, but this will give an (-1-1) of relative size 3*5, and

thu3 adjusted ratios = 96«5:21{ and hence deuterium content - jv.p'0 I-.

Photooxygenation of Cholesterol (b )

Photooxygenation of cholescerol (b) gave a 3 ji i5cC -dihydroxycholesterdl

which showed $ 3621, 3OI5, 2233* 1625, IO36, 1028, 952 and 865 cm"1,max
X  4.42(lh,d,J2Hz) and 5.88(lH,m), M+403 other peaks at 385, 354, 36?,

352 and 24?, isotopic ratios 402:403:404:405 = 19:100:30.5:6, and a 

similar calculation gives a deuterium content = 97/° d^

7oC -Hydroxycholesterol (9)

Photooxygenation of cholesterol (lg) was performed as previously 

described for 24h. The red solution was then poured on to iced water 

and the product isolated by filtration. The crude solid was then 

taken up in ether and washed with cold dilute hydrochloric acid (3x5ml), 

water (1x5ml), dilute sodium bicarbonate (lx5ml) and orine, driei, ar i 

the ether replaced by chloroform. This solution was stirred at 20° 

for 24h, and the. hydroperoxide (12) reduced with sodium borohydride to 

give (9). Recrystallisation from methanol gave material m.p. 182-183?

(0.46g, 49£).

Deuterolysis of the Keto-acetate (6)

Reduction of (6) was performed in the standard way using

6 equivalents of dichloroaluminium deuteride per mole of substrate.

The product, 7,7-dideuteriocholesterol (3) was purified by crystallisation

from ether-methanol and had }) 3620, 2170. 2080, 1655, 1040. andmax
945 cm’*1, T4.67(lH,s) and 6.48(lH,m), M+588, other peaks at
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373* 5(0* 555* 505* 276, 275* 257« 247* 2J2, 2id and 200, isotopic 

io.li.os 388:30?*530 - 100:29:5 (bale. for C^H^i^O:!!, 338).

7-Deuterio-3 B *5 di -dihvdroxycholest-6-ene (id)
Thi3 was prepared by photooxygenation of (3) as above raid showed 

V 5620, 3015* 2230, 1622, 1035, 1025, 950, and 862 cm"1,

X  4*42(lH,d,J2IIz.)j and 5»90(lH,m), M+ 403* other peaks at 
585* 384, 370, 369, 367, 352 and 247 (Calc, for C^H^DO^M, 4O5)

7 J}> -Deute rio~7oC -hydroxycholesterol (lO)

This was prepared from (3) following the procedure used in the

synthesis of (9) above, and had V 3620, 2130, 1655* 1 H5, 1052,max
and 1040 cm 1, X  4*40(lH,s) and 6.45(lH,m), 403, other peaks at

386, 385, 367, 352, 254, 247, and 212 (Calc, for C^H^DO^M, 403)-

Deuterolysis of 7cC -hydroxycholesterol (9)

A deuterated cholesterol (c) was obtained on treatment of (9) 

with dichloroaluminium deuteride under standard conditions and shored 

} 3622, 2110, 2090, 1660, 1110, 1045, 1020, and 945 cm"1,ffldX
X  4.63(lH,d,Jbnz) and 6.45(lH,m), M+ 387, other peaks at 372, 369, 354,
302, 275, 274, 236, 247, 232, 214 and 200, isotopic ratios

387:388:389 = 100:29:5 (Calc, for C H D0:M, 387).( 43

Hydrogenolysis of 7j$ --deuterio-7oC -hydroxycholesterol (10)

Standard reduction of (lO)mth dichloroaluminium hydride gave a •

deuterabed cholesterol (d) which showed })__  3622, 2150, 2137* 1660,

1X10, X045, 1035. and 943 cm-1, T  4.63(1H,s) and 6.45(lH,m), M+ 387, 

other peaks at 372, 369* 354* 302, 275* 274, 256, 247, 232, 214 and 200,
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isotopic ratios 307:380:389 = -100:30.5:5 (Calc, for C^K^DO:!.!, 387).

PhotooxygenatjIon of Choiest?rol (p)

Standard photooxy at;nation of cholesterol (c) afforded a

5/3 , 5oC -dihydroxycholcst-6-ene which showed _ 3622, 3015* 1635,< max
1.037, 1018, 950, and 862 cm”1, T 4.40(2H,o), and 5.90(lHfm), M+ 402, 

ether peaks at 584, 366, 351» 301 * 247, and 213, isotopic ratios 

384:385:386 = 100:42:10 and calculation gives a deuterium content = 9̂  d^.

Photooxygenation of Cholesterol (h)

Analytical data for the 3̂ 3 , 5<£ -dihydroxycholest-6-ene isolated

from standard photooxygenation of cholesterol (D) are

)) 3618, 3015, 2230, 1622, 1035, 1023, 917* and 86l cm”1,max
X  4.42(lH,d,J2Hz), and 5.90(lH,m), M+ 403, other peaks at 385, 384,
367, 352, and 247, isotopic ratios 384:385:386:387 = 13:100:29:7 and 

hence a deuterium content = 887̂  d^

Lithium Aluminium Hydride Reduction c.f Cholestenone (17)

18Standard conditions gave a white solid which was shown to

consist of two components by t.l.c.. Preparative t.l.c. in ethyl

acetate-petrol (1:4) with repeated elution (X3) gave two closely

spaced bands, the more polar of which gave on recovery
o 223 -hydroxycholest-4-ene (15) 131'133 (lit., 130-132),

1) 3o2i, 3604, 1655, 1110, 1027, 960, 918, 849, and 841 cm"1,''max
X  4.76(lH,d,JlHz), and 5.88(lH,m). The less polar band yielded

3oC -hydroxychclest-4-ene(l6) m.p. 82-84° (lit.,22 83-84°),

S) 36I8, 1655,1016, 985, 895, 858, and 849 cm 1, X  4.55(lH,d, J5H7,), max
and 5»94(lH,m).
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The relative proportions of (15) and (lb) in the reduction mixture

were estimated from the 100MHz n.m.r. spectrum by integrativm over the

signals at 4*53 und 4.76 T respectively, 'which showed the presence of

3 -hydroxycholest-4-ene (15 X ^ ^ 1) and 3 <£ “hydroxycholest-4-Gne (l6)(ll/0,

£l.it.,2  ̂lOf-j (15) and 24^ Okjj. Large scale separation of these alcohols

(lp) and (16) was not possible by crystallisation since they font a
93molecular complex. The corresponding acetates can be crystallised' 

however and the pure alcohols regenerated from them by reduction with 

lithium aluminium hydride.

Deuterolysis of 3j3 ~hydroxycholesb-4-ene (15)

On reduction with dichloroaluminium deuterice, (15) gave a 

deuteriocholest-4-ene (E) which showed ))__  2125, 1658* 1440, 1372,
171 £ IX

and 933 cm , X  4*72 (lH,d, partly resolved), K+ 371 (Calc, for 

C H DsM, 371)-

Deuterolysis of 3 - h y d r o xycholest-4-ene (16)

Treatment of (16) with dichlc • o*»1̂ minium deuteride under standard 

conditions gave a deuteriocholest-4-ene (F) Y/hich showed

i) 2120, 1655, 1465, 1440, 1372, and 933 cm-1, X  4.7l(lH,d,J5Hz), max
M+ 571 (Calc, for C D;Mt 371).

Hydroboration of Cholest-4~Qne fl8)

Hydroboration of cholest-4-ene (18) (l.5g* 4mmol) by the method 

of Bull. Jones and Meakins2^ afforded a mixture of alcohols (l.3g) 

which wore separated by preparative t.l.c. in ethyl acetate-petrol (3sl7) 

after repeated elution (X4) to give a less polar component,
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TAPLS (6)

Analysis of alcohols (g) and (lJ) from deuterolysis of 

3j5 -hydroxy cholest-4-t?ue (15) followed kv hydrohorat i on of the re suit­

'd outer io eholesi-4-one (h).

Alcohol (g ) + O.B enuivalents of tta(fod).,--------— i----     3

Peak. Position Multiplicity Integration °jo age 
Deuterium

6 d 126? d 1.00

3cL 1178 m 0.50 50

3P 1125 m 0.54 46

1094 m 1.00

Alcohol (h ) + 0.45 eau' /alents of Eu(fod)?

Peak Position Multiplicity Integration io age 
Deuterium

6 d 920 d 1.00

3 d 872 m 0.54 46

3f> 83 6 t 0.48 52

778 d 1.00

Distributeon of deuterium from deuterolysis of (15) 13 

3 OU  48^ d 

= 49% d



TAJ;i,k (7)

Analysis of alcohols (l) and (j) resulting from deuterolysis of 

5 OC -hydroxy cholest-4-ene (l6) followed hv hydroboration of the resi It- 

ing 5“deuteriocholest-4--ene (p).

Alcohol (l) 0.8 cnuivajcnts of P!n(.fofl) 7

Peak Position Multiplied ty Integration % age
Deuterium

6ot 1557 d 1.00

3̂ . 1267 m 0.19 81

1214 m 15
1.85

5 ^ 1187 t

Alcohol (j) + 0,4 equivalents of Eu(fod)̂

Peak Position Multiplicity Integration age
Deuterium

6 882 d
1.13

856 87

3/3 80 6 t 0.91 9

5 P 750 d 1.00

Distribution of deuterium from deuterolysis of (l6) is

icL , 84^ d.

3^ - IV’ a.



A j£ -hydroxy-5 /5 -cholestane (22), identical with the material previously 
18prepared by reduction of 5 |S -cholestan-4-one and the mor^ polar- band 

afforded A-c£ -hydroxy-5 oC -cholestane (21.), identical with a spe-cimen 

prepared by reduction of S cC -cholesian-4-one^.

Hydroboration of DeuteriochQlest-4-ene (E)

By the above procedure (E) was converted to give a 

3-deuterio-4 -hydroxy-5 oC -cholestane (G) and a

3-deuterio-4 3̂ -hydroxy-5 j3 -cholestane (fl).

Hydroboration of Deuteriocholest-4-c-nc (f )

Similar conversion of (f) gave a 3-deuterio-' cl -hydroxy-5 oC -cholestane 

(l) and a 3”deuterio-4 j3 -hydroxy-513 -cholestane (<T).

N.M.ft. Analysis of the alcohols (G), (h ), (i) and (j)

The 100MHz n.m.r, spectra of these alcohols were recorded with 

added europium-shift reagent, Eu(fod)^, such that the signals from the 

5 cC - and 3J3 -protons were distinct. Tue proportion of shift reagent 

necessary was determined by examining the spectra resulting from the 

unlabelled 4 oC - and 4J3 -alcohols (2l) and (22); the results of these

experiments are shown in Tables (3) and (4). The deuterium content in

either the 3 oC - or 3 p -position was estimated by repeated 

integration of these signals and comparison with an internal standard.

The results of the deuterium analysis of the four alcohols are listed 

in Tables (6) and (7)*
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Deuterolysis of 3 rC- -hydroxy-cholest-6-enc (25)

The normal deuterolysis procedure gave a white crystalline 

compound in ô°/c yield which was identified as cholesta-4.,6-diene (24) 

and had m.p. 92-95 (lit.,° 88-92' ),

y 3015, 1640, 930, 880, and 860 cm"1, X  4*03, 4.15* 4.42, 4.60(3H,m), max
M+ 368 (Calc. for 368). The multiplet in the n.m.r. spectrum

probably results from superposition of a doublet due to the C-4 proton 

on to one limb of a quartet arising from the vinyl protons at C-6 and

C-7.
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TABLE (10)

Bond Lengths and Angles in Cyc-Iohexsne

Bond Lengths
o

C-l/C-2 1.340 A
o

C-2/C-3 and C-l/C-6 1.504 A
o

Other C-C 1.535 A
o

C-l/H and C-2/H '1.085 A
o

Other C-H 1.108 A

Bond Angles

C-1/C-2/C-3 + C-6/C-1/C-2 122° 30’

C-2/J-3/C-4 + C-1/C-6/C-5 111° 17'

C-3/C-4/C-5 + C-2/C-3/C-4 107° 43'

Others 109° 281

5



•TABI/q (11)

Atomic Coordinates of Cyclohoxone Systems

(i ) Trimc thv] a Ihy 1 oy c'! oh cxena

Carbon toms

0,0000; 0.0000; 0.0000

0.8410; -1.2120; -0.4206

2.1140; -1.2120; 0.4206

2.9550; 0.0000; 0.0000

2.1470; 1.2690; 0.0000

0.8070; 1.2690; 0.0000

2.9050; -2.5010; 0.1591
0.0500; -2.5010; -0.1597

-0.5807; -0.2384; 1.3990

-1.1956; 0.1518; -0.9516

-0.6578; 0.3718; -2.3729

Hydrogen Atoms

0.2450; -0.3434; 2.1303

-1.1901; -1.1637; 1.3947
-1.7211; 0.6191; 1.6856

-1.5062; 0.^797; -3.0760

-0.0385; 1.2901; -2.3974

-0.0358; -0.4941; -2.6745

-1.8025; 1.0255; -0.6457

-1.8077; -0.7701; -0.9258

-0.1864; -2.5779; 0.920C

-0.8905; -2.4819; -0.7431

0.6555; -3.3748; -O.4663

1.1034; -1.1268; -1.4956

1.852C; -1.1268; 1.4936

3*1414; -2.5779; -0.9206

3.8455; -2.4819; 0.7425

2.2995; - 5.5748; 0.4677

3.8166; 0.1096; 0.6869

3-3742; -0.1721; -1.0098

2.6890; 2.2070; 0.0000

0.2640; 2.2070; 0.0000



(ij) Tran s-fl 1axial-me t'nyl cy cl oh oxen- 5-ol

Carbon Atoms

0.000O; 0.0000; 0.0000 2.6850; -2.1425; 0.2323

0.8410; -1.2120; -0.4206 1.1777; -0.1606; 2.0753

2.1140; -1.2120; 0.4206 1.1430; -1.9695; 2.2104

2.9550; C.0000; 0.0000 2.6752; - 1 . 1130; 2.5172

2.1470? 1.2690; 0.0000 3.8166; 0.1096; 0.6869

0.8070; 1.2690; 0.0000 2.6890; 2.2070; 0.0000

1.7505; -1.0940; 1.9071 0.2640; 2.2070; 0.0000

Hydrogen Atoms

0.4192; -0.1721; 1.0098 4.0780; -1.1358; --1.3793

■0.8 6 l6; 0.1096; -0.6869 Oxygen Atom

1.1054; -1.1268; -1.4936

0.2700; - 2 . 1425; -O .2323 5.5033; —O.tijj<t.\ --1.3702



(iii) Trans-dieouatorial-A-methylcyclohexen-3-ol

Carbon Atoms

0.0000; 0.0000; 0.0000 5.1414; -2.5779; 0.9200

0.8410; -1.2120; 0.4206 2.2995; -3.374P, -C.4683
2.1140; -1.2120; -0.4206 3.8455; -2.4819; 1 0 •  1 

1

2.9550; 0.0000; 0.0000 1.8516; -1.1266; -I.4936

2.1470; 1.2690; 0.0000 3-3742; -0.1721; 1.0093

0.8070; 1.2690; 0.0000 3.7388; 0.2929; -1.9190

2.9050; -2.5010; -0.1597 2.6890; 2.2070; 0.0000

Hydrogen Atoms 0.2640; 2.2070; 0.0000

-0.4192; -0.1721; -1.0098 Oxygen Atom

-0.86l6; 0.1096; 0.6869 4.0981; 0.1454; -0.9113
0.2700; -2.1425; O.2323

1.1034; -1.1266; 1.4936



TABLE (12)

Atorrilc Coor dinuo-r: for Fvrrolidine

Pyrollidine is orientated such that the N-H Bond Bisects angle 

0-6/C-1/C-2, in cyclohexenol and values are quoted for the case in which 

the nitrogen atom is in the x,v-plane and coincident with C-l.

Nitrogen Atom

0.8070; 1.2690; 0.0000 -0.7536; 0.3808; -1.1059

Carbon Atoms -1.5745; 3.1346; -0.8889

-0.5787; 1.2577; -0.4898 -1.0026; 2.2134; -2.3727

1.5097; 2.4635; -0.4898 0.3820; 4.2642; -0.8889

0.5223; 3.2921; -1.3433 0.9139; 3.3430; -2.3727

-0.8027; 2.5271; -1.3433 1.8401; 3.0709; 0.3655

Hydrogen Atoms 2.3565; 2.1765; -1.1059

-1.2700; 1.2752; O.3655 1.3137; 0.3914? -0.3433

Bond Angles: CNC = 110° 141;
0

CCN = 108° 08'; CCC = 106°
0 0

Bond Lengths: C-N ±= 1.47 A; C-C - 1.53 A; C-H = 1.1 A



TABLE ( 1 5)

At.omie CoordiRB-tes for Propane

(v)

Carbon Atoms

0.0000; 0.0000; 0.0000 -0.9397; -0.5425; 0.0000

1.1610; -0.6700; 0.0000 0.0000; 1.8731; -1.0440

0.0000; 1.5040; 0.0000 -0.8991; 1.8620; 0.5257

Hydrogen Atoms ■ 0.8991; 1.8820; 0.5257

1.1610; -1.755C; 0.0000

2.1007; -0.1275; 0.0000

Carbon Atoms

As above -0.9397; -O.3425; 0•uOOO

Hydrogen Atoms 1.0440; 1.8731; 0.0000

1.1610; -1.7550; 0.0000 -0.5257; 1.8820; 0.8991

2.1007; -0.1275; 0.0000 -0.5257; 1.8820; -0.8991
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APPENDIX

(i) Calculation o" Atomic Coordinates

nGPublished bond lengths and angles for cyclohexene' were used,

Table (l0),,and a standard half-chair conformation assumed. The

molecule was placed in a suitable system of axes and the atomic
77coordinates calculated by vector algebra . These values, listed

7 Ain Table (ll)» were verified by use of a computer program (BOITDLA ) 

which calculates bond angles and lengths from a given input of 

coordinates. Pyrrolidine was assumed to be planar and the bond 

lengths and angles used to calculate the coordinates a.re given in 

Table (12). Coordinates for the atoms in the two pgopene models 

are listed in Table (13)»

(ii) Molecular Orbital Calculations

For a full account of the underlying theory ard methods used
63in the calculations the book by Pople and Beveridge should be 

consulted; onl;y «, ^rief description is presented below.

Self Consistent Field Molecular Orbital Theory (SCn)

To simplify solution of ine Schroedinger equation for a many 

electron system it is usual to make manj approximations. A general 

feature of approximate solutions is an attempt to construct a 

satisfactory raany-electron wave function from a combination of 

functions each dependent upon the coordinates of one electron only.
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For an n-electron system the simplest way to dc this is to associate 

the n-olectrons with n one-electron functions, thus:-

ir ( '> V  n)  - ......... (̂i)>
and such one-electron functions are called orbitals.

The electronic hamiltonian operator for a many electron system 

has the general form

p F * f F

This expression may be separated into, one - and two - electron parts, 

(-^and 14z . Thus H - H, +

H, -

“ a " k rn
I |C01*6The quantity f-{ is the one - electron hamiltonian corresponding

to the motion of an electron in the field of bare nuclei (A) of 

charge Z.. After much simplification the expression for the total 

energy becomes

- 21 + XI (̂lij - hiĵ)
L L J

where expectation value of the one - electron core

hamiltonian corresponding to the molecular orbital

H u -  I ' M 1)* ;

and T-. and V" are the Coulomb and Exchange integrals respectively, j t, -------
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The coulomb integrals give the value that the total electron-electron 

repulsion would have if all the electrons moved independently in the 

orbitals to which they are assigned. The exchange integrals ’reduce' 

the energy of interaction between electrons with parallel spins in 

different orbitals.

If the many-electron function is adjusted to minimise the 

energy of the system then the accurate solution of the many-e’iectron 

wave equation fl'S' will be approached . The best molecular

orbitals are obtained by varying all the contributing one electron 

functions (Vi) until the energy is minimised, and these are then 

known as the self-consistent or Hartree-Fock molecular orbitals.

The problem then is to find a stationary value of the energy 

given by ('JX This leads to the set of differential equations

J

j J
where F  is the Fock hamiltonian operator. These equations each have 

a whole set of constants embodied in them instead of a single

eigenvalue. However this set of constants form a matrix and it is 

possible to multiply a matrix by a suitable transform matrix such that 

the product is diagonalised, i.e. = ^ unless l = J , without 

affecting the value of the determinant. Thus after diagonal!sation 

we have,

F y i  -
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The general procedure for s o l u t i o n  of bneso eqvstior.i- is to assume a 

set of trial functions which allows calculation of the Coulomb and 

Rxcheug® operators and hence a first approximation to the Foek 

operator. The eigenfunctions of this operator are used as a second 

trial function and the procedure is repeated till the orbital is 

invariant (within given limits) on further iteration. These orbitals 

are then self consistent.

Linear Combination of Atomic Orbitals (LCAO)

For molecular systems of any size direct solution of the above 

differential equations is impractical and more approximate methods 

are required. One of the best methods so far has been to approximate 

Hartree-Fock orbitals by a linear combination of atomic orbitals, viz.,

~  ^  C/iA t >

where (^are atomic orbitals. It is possible to define a Bond Index 

Baa * between two atoms A and 3 such that
no

e „  • s  i  e j  ,
/A on n  D

and V4 where is the Valency of the

atom, and : ̂  matrix of terms known as the Density Matrix and
O c t

is given by

By a similar procedure to that described above the best molecular

orbitals are obtained by finding optimum values for the coef*’cients

C.; which give the lowest, energy, and vie final expression reduces to /**

^ ~/ui> *••• (ii)

where the matrix elements of the Fock hamiltonian operator F are given
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by,

and the expression (iî is known as the Rcothaan equations, and '̂ui>

are the overlap integrals.

.ftpproximate Molecular Orbital Theories

The most difficult and time-consuming part of LCAO-SCF molecular 

orbital calculations is the evaluation and handling of a large number 

of electron repulsion integrals. Many of these terms have values 

near zero especially those involving the overlap distribution with 

. A useful approach is therefore to neglect such terms and 

under the zero-differential overlap approximation

various levels of approximate self consistent field theory differ 

mainly in the extent to which the zero-differential overlap 

approximation is invoked in electron repiilsion integrals.

The basic approximations of the CNDO method are:-

(i) Replacing the overlap matrix by Ihe un-51 matrix in the Roothaan 

equations.

(ii) Neglecting differential overlap in all two-electron integrals

(iii) Reducing the remaining set of coulomb-type integrals to one 

value per atom pair,

where is the Kroneeker Delta. The

so that

8
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(iv) Neglecting monatomic differential overlap in the interaction 

integ.roIs involving the cores of other atoms, i.e.

(v) Taking diatomic off-diagonal core matrix elements tc he 

proportional to the corresponding overlap integrals, i.e.

Thus in (iv) above terms such as aa'e taken to he zero for (jŷ

and (j>y on t\ ^ys^but in the INDO method monatomic differential 

overlap is retained.

The calculation is executed as follows:- Slater atomic orbitals 

are used to calculate the overlap integrals and the electron repulsion 

integral is calculated as the two centre coulomh integral

involving .S functions. A zero-differential overlap, extended 

Huckel-type approximation to the Fock matrix is then effected with 

diagonal elements formed from combinations of ionisation potentials 

and electron affinitiesyand off diagonal terms from the product of 

the resonance integral and the overlap integrals This matrix

is then diagonalised and an initial density matrix constructed. 

Corrections are then added to th'1 hamiltonian for INDO calculations. 

Using the initial density matrix and the INDO modifications the Fock 

matrix is formed, diagonalised, and a new density matrix produced which 

in turn is used to construct a new Fock matrix. This procedure is 

repeated till the electronic energy converges to 10 At this 

point, the Fock matrix is printed, then diagonalised once more and, 

the resulting eigenvectors are printed. The electronic energy is 

computed after each new Fock matrix is formed. The Bond Indices were 

calculated from the final density matrix.


