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PART I

Stereochenmicel and Mechanistic Studies in a

Biosynthetic Model System




INTRODUCTION

In recent years it has become pussible to elucidate the stereo--
cheristry of scme enzymically mediated reactions, at lcast with regard
to cabstiates and co-enzymes. This has been due in part to improve-
rents in techniques for the isolaiion cf enzyme systems and the growing
wse cf cell-{ree preparations which are more easily handled under
rerroducible conditions than whole plants or eorganisms. Spectacular
advances too have been made in the dete .mination of the chirality of
isotopically labelled substrates on a micro-scale1 and in the
preparation of stereospecifically labelled precursors for use in enzymic
reactionsz.

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 ihis question it is usual to state that since proteins
are chiral then enzymes 3- ¢ also <hiral and will possess active sites
and specific binding regions which will orieutate a suitable substrate
in one preferred conformation in which reaction will occur. The
concept that use of a chiral reagent can induce chirality in thc product
it forms with an achiral substrate is not a new one and has been put to

3

>ffective use in the laboratory”. However,lthe stereoselectivity
exhibited in such processes does not match that of enzymic reactions
which are commonly totally stereozelective. That enzymes are chiral
does not necessarily explain their stereoselectivity since this mey be
attribuiable to selective binding of the substrate which is an ess2uiial

prerequisite for catalytic activity. In general the catalytic aroups

are so disposed at an avtive site ihat they cannot 2llow the reacticn
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on ihe substrate to exhibit the alternative sterec...ecificity. Hany
non-enzynic processes also occur with high selectivity and the svceecs
of wany "biogenetic type" syntheses of natursl products has becn quite
remarkable. The formatisn of d,l-malabaricanadiol (1)4, for exampls,
by cyclization of whe acyclic substrate (2) requires the stercospecifin
formation of six chiral cenires and yet the reaction proceeds 'in vitro!
to the extent of 7%. Many examples of similar cyclisations have now
b :en investigated5 particularly by the schools of Johnson6 and van
Tamelen7, and in many cases acceptable yieids oi complex cyclic compounds
have been produced stereospccifically by = ~imple cation-initiated
process, It seems possible that many enzymic trarsformations of a
similar nature may be obliged to be stereospecific on pursly '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-2,3-oxide, in enzymic systems probably reflect the ability

£ the enzyme to fold the chain in the correct oif-utaiion for
cyclisation, whereas non-e..zymic processes depend very markedly on the
conf ormation of the substrate in ooiviion, ¢nd often the choice of

4 can affect critically the yield and the number of

solvent or initiator
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~;nires sterkospecificity. The geometries
of transi.ion states will therefore be important and the relative
disposition of interacting groups in a substrate will affect rate
constanis, 1t has been argued8 that the most favoured pathways will be
those in which maximum bonding is maintained through the transition

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

minimum. In suggesting mechanisms for enzymically mediated réactions,






comparisons with similar non-enzymic processes are éften made, If
there exists a well-documented stereochemical course for a non-enzymic
reaction and 2 formelly similar recacticn occurs envymically, then it i
tempting tc assam¢ a similar mechanism. Likewisez, =gclection ruloes
derived firom mclecular orblial theosrie:s have been uscd as arguments for
and against proposed enzymic mechanisms, For example, in the {trais-cis

9

isemerisation of aconitate”’, Figure (1), stercospecific hydrogen %ransfer
occurs in a suprafacial manner. This is contrary to The Wocdwars-
Hoffmann Ruleslo for a concerted 1,3-sigmatropic shift and the

conclusion is therefore that the reactiivn must be stepwise,

Interest in the comparison of 'in vivo' and 'an vitro' mechanisms
stemmed from the findings of the Cornforth group that, (a), the
condensation of 3-methyl-2-butenyl pyrophosrthate (3) with 3-methyl-3-
butenyl pyrophosphate (4) proceeds with net syn steraochemistryll,

Figure (2), and (b), the stereochemistry of the formazlly related process,
the isomerisation of 3-methyl-3-butenyl pyrophosohate (4) to
3-methyl-2-butenyl pyrophosphate (3) occurs with net ar.i stereo-
chemistrylz, Figure (5}. Another r 1ate! reaction (¢), also of bio-
chemical importance, that of 1l,4-eliminations, has been studied and the
stereochemistry shown13 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 SEZ‘
nrocesses, have therefore been <hown to be different, one being syn

and the other anti.

It iz pertirent to examine the theoretical predictions for the
stercochenistry of such reactions and to comparsz them with the observzd
results., Orbital symumetry rules have been very successful in
predicting the course of concerted reactionslo, particularly those

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



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

e~.znsively developed by Fukuil4

s in which orbital interactions of the
highest occupied molecular orbital of one reactan®t and the lowes! an-
occupied molecnlar orbitsl of the other cre used to rationalice the
stereochemistry observed in many chiemical reactions. This method of
rrbital interactions has heen extended to avply *to SN2' and SE2'
ro-ctious, and 1l,4-additions to dienes, in ail of which syn sterco-
chemistry is predicted. It is nf interest tc note that Fukui, in a
review of "The Selection of Stereochemical Paths by Orbital
Interactions" 14 in 1971, states that therr~ is a preference for syn-

stereochemistry in a concerted S, 2' reaction, while Anh®? in 1968

N
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. ‘Drenth16 has also carried out some
simple Huckel molecular orbital calculations for the SN2' reaction and
concludes that the stereochemistry should be sy1- making nc comment on
concertedness but by implication assuming it. While Pienth makes
reference to Fukui, neither Anh o). ™kii comment on each other's
findings whirch is strange since they appear to predict exactly the
opposite course for the same reaction, and it is therefore appropriate
to guestion whether the basis of their theoretical analysis is valid.
Of the many putative examples of the SN2‘ reaction recorded in the

literature that of Stork and Wbite17

is o:re of the few that may
actuallr qualify for the latzl, though the possibility exzsts that the
reaction proceeds through an intimate ion pairlB. The three
theoreticians quoted above all claim that the gym stereochemistzy
demonstrated in this reacticn supperts their predictions. Fukei zud

Drenth have no probleu in accommocating this example by their thecries

but Anh is forced to propose a concerted reaction which is non-
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synchronous. If, as he suggests, approach of a nucieophile (N) te
C-1 cf the allyl group, Figure (5), will be more fzvourable if there
is some X - C-3 bond breaking to create positive charge at C-1, tnen
it is difficult tc envissge the case in which a wholly concertad and
svnchrenouwe reaction will cocur,

A recurring problem in reaction mechanisms and one rosed by the
theories of Anh is the question of concertedncss and the protlem of

experimeptally establishing whether a given reacticn is concerted or

n°t1y. This problem is further compounded in enzymic reaction
mechanisms by the lack of knowledge zbo 't which groups in the enzyme
participate in a given reaction. If theoretical predictiens are to be
of any use in shedding light on such a problem ther they must produce
a strict rule, for example, "if the observed stereochemistry is anti
then the mechanism cannot be concerted". Unfortun:tely although such
rules are highly developed for electrocyclic processes the more common
enzymatic reactions, such as those described abo.e, dv not fall into
this category and such theories as are available for these reactions
seem to be divergent sn their preii-.iions., A reaction is usually
considered to be 'concerted' if there is equal Lond making and bend
breaking in the transition state and such a process should requirc a
lower activation energy than the corresponding dissociation-
recombination process. Such a "defirition" of 'concertedness' mzkes
the distinction by Anh of ‘'concerted reactions' into synchronous and

non-sync.nronous illogical and the reactions must either be concerted

or non-concerted. However it has been peointed out;9 that although
a two-step reaciion may not be energetically concoeried (i.e. theve
may exist a small minimum in the potential energy surface) it is uoi
inconsistent for such a process simultaneously to be bondingly anz

orbitally concerted. It has also been postulated19 that as the
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number o' atoms involved in a reacting system increases then ths

i . . . . -12
activavion energy required to contain an intermediate for 10 sec
falls rapidly for any given internal energy, for example while
. - =1 . . Y
27 Ycal mol ~ moy be required for a 4-atom intermediatz, only

e . X 1 . R
5 Keal mol is required to contain a l4-atom intermediate for
. =12
0 SEC.
In an extensive review on base induced 1,2-eliminations

v =220 - o -
Bordwell™  concludes that possibly ore of the few cases of a concerted
E2 elimination occurs in  non-activated ;rimary halides, such as
R—CHZ—CH

-Br, although S,.2 substitution is tune prademinant reaction

2 N
for such systems. All other base-iunduced eliminations cax be

considered to merge imperceptibhly into reactiun types proceeding
through either cationic or anionic intermediates.' 21lthough conceptually
pleasing, a concerted mechanism demands a transition state of ordered
geometry and charge distribution. If there is such doubt about the
concertedness or otherwise of 1,2—eliminations, hoin thiore must be

even greater doubt concer..ing 1,3-allylic substitutions or 1,4~
eliminations18 since they would i1~;v*.2 even more extensive bond

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

Figure (6) there will be interaction of the 4Y -bond with the 2llylic

C-X ¢ -bond, the magnitude of which will depend on the torsional angle 8,
being greatest when O = 0° or 1800. Tnis interaction, sometimes

termed hyperconjugation, cause- allylic bonds such as C-X to be weaker
than they would be in a fuliy saturated system, and resnlts in the
molecul. acquiring a small dipol= moment., Intuitively it does not

seem reasonable to expect that on approach of a nueleophile or
electrophile to this system, there will not be considerable ypolarisation

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

allylic bond C-X. Indeed many of the reactions of o~ alkyl allyl
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chlorides represented as occurring by an SNQ‘ mechanism can be
explained by a corbonium ion type process and in support of this viewlg
it is obcerved that substiiation of electron wiithdrawing groups cu the
allylic hziide prevenis an SN2'.type displacement from occurring o»
forcec it to proceed by a carbanion mechanism,

Consider now in detail the mechanism propeosed for the three
eazymic reactions and the arguients employed 1o substantiats them.
The sterenchemical course of the -5 ccndensatiecn process (a) was
defined by the Cornforth Group in a series of elegant labelling studics
prior to 1966. They established that {.) the pyrophosphate leaving
group is expelled with inversion of configuration =t the primary
allylic carbon atom, C-1 of (3); (ii) thre new cerbon-carbon bend is
formed on the 4 re face of (4); and (i1ii) the 2-pro-R-hydrogen of (4)
is lost to form the new trans-double bond as illusirated in Figure (2).
Cornforth favours a two step process for the following reasons.,
(i) Since complete inversion of configuration a* C 1 of (3) is
observed the condensation is not initiated by formation of the primary
carbonium ion, unless rotation abeiut ine C-2/C-1 bond in (3) is
prevented, or formation of the new bond happens before rotation can
occur., The simplest interpreta@ion based on comparison with non-enzymic
substitution reactions would be to suppose that the two steps are
concerted and the reaction is of the normal SN2 type.
(ii) It is possible to extend the idea of concertedness to the whole
reactior, tformally an SEZ' type, in which a continuous drift of
electrons from the C-Hp bond of (4) to the C-1 mosition of (3) is
supposed, but this is deemed unlikely. If the electrons of the C»HR
bond are being used to form the new double bond in a concerted fashion
then C-~3 of (4) is having electrcns 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, =nd it would be reasonable to
suppose this prccess would be lese favourshle than a mechanism where
electrons are¢ supplied te, =2nd withdrawn from, opposite sides of (-3.
Clearly thit du2s not hoppan in zractice =ince this would lead either
to fermation of a cis-double bdorn? or loss of Hs, bocth contrary to
cbservation.

A twu~stage wmechznism was therefore proposed by Cornforth in
which an electron donating group X participates (The X-group
mechanisr). Te nature of X is not gpecified but it could be, for
example, r.a er.syme-bound water molecule, or the oxygen atom of a
pyrophosphate group21. The overall reaction then reduces to a trans-
addition of the allylic group (3) and of X io the double bond of (4),
followed by a second stage in which Hy and X are eliminated in trans-
fashion from the intermediate (6), Figure (7). UWhile these postulates
account for the observed stereochemistry they are open to criticism and
other plausible schemes can be advancedzg. One objection to the
X-group mechanism is that elimination of 3Z-X leads to an isolated
double bond, whereas most enzymic eliminations produce double bends
only if they are conjugated (for example, with CO2- or phenyl) and thus
X must be a very zood leaving group. However there is some evidence
from another system to support an X-group mechanism., Voet and Abeles23

isolated an enzyme-Xrlg-Giucoside from the reaction of sucrose

phosphorylase with sucrose, ir which a covezlent glucosyl-enzyrmz bond is
formed as shown by the fact that glucose is not released from the complex
on treatment with acid or passage throvneh sephadex. Since the glucose
released in the normal enzymic prcces: hes the ﬁ -configursiion it is
corncluded that the formation of the complex occurs with inversion at

C-1 of the glucosyl moiety, and a carbvoxyl 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-pair
would be sufficient., If the displacement of pyrophosphate from (3)
is an SN2 procese then the isolated double bord is acting as a
rucleophile, which in the presence of oiher bhetiter nuclecphiles, such
as water, would not be expected to compete successfully for the potential
electrophilic site, The implication thereiore is that the binding of
the two reactants (3) and (4) on the enzyme must be in a well detined
manner such that competition by other nucleophiles is excluded., If
such restrictions on the relative dispouitions of these reactants are
imposed, then an SE2' process will require less mection than the X-group

mechanism and is only objectionable if it s stereocelectronically

prohibited.

In the related isbmerisation reaction (b), the stereochemical
course was established as anti bty showing that the 2-pro-R-hydrogen of
(4) is lost and that hydrogen is added to the re-lucz of the double
bond in (3), Figure (4). A consecutive 1,2-addition and i,2-elimination
does not exﬁlain the cliexved steicuch-nistry as it does above, and a
wholly concerted addition-abstraction of hydrogen atoms has been

4 that

proposedlz. In the 1,4-elimination (c¢), Floss has suggested2
since the net stereochemical result is one of anti-elimination and
previous theoretical predictions indicate that concerted 1l,4-eliminations
should occur in a §xgrfashion14 then the process is non-concerted and
may proc.:<d by a §X273N2' displacement of phosphate by attack of X at
C-1, followed by a normal anii-elimination of HX, Figare (9). "hus
Cornfortih on the onchand rejects a syn SEZ' reaction on the basis of

a wholly cmpirical view of the movemeni of electrons in a transition
state, while Floss invokes a syn SN2' reaction to explain the ohserved

stereochemistry in chorismate formation., Such a dichotomy of
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mechanism is inconsistent with a theoretical analysis of the S5 2!

g
and SNZ' reactions since they are hzased on the same orbitals with
the same zymmelrty, the only difference heing in their electronie
populations, It is interesting o note also that Cornforth, while
A}

suggesting a eoncerted mechesnisn for the isomerisation of (4) to (3)

on the same empiricsl grounds used to reject a concerted process for

(a)s wakes no refercnce whatsoever to the theoretical predictions
extant at that time. Clearly then any predictions made aboul the
concertedress or non-concertedness of these reactions have no
Justification from either a theoretical analysis or from compariscon
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 SEZ' reaction could

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

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

stereochemistry in SN2' reactions, and this we set out to fulfil. A

survey of the literature revealed only one previous report of an SEZ'

reaction in which Felkin proposed25 that the openirg ¢ epoxides 1v
allylic Grignard reagents proceeded by such a mechanism, Fiesure (10).

While the case ~vamined by Stork is taken to show that the SNZ'

reaction is gyn in nature, no stercochemical study of the SEQ' reaction

has been reported., Bv de*ermining the stereochemistry of an SE2'
reaction evidence for or agairst the necessity to invoke an X- grouv
mechanism should be obtained, and in conjunction with the necessary
experimental work on this problem molerular orbital calculations have’
been periormed on several allylic systers in aa attempt to obtain a

more secure thecretical basis for these reactions than is available

fiom the literature.
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DISCUSETON

(i) BSelection of & Nodel Cystem

In order to define the stercochemisiry of an S 2' reartion it ie

)

necessary to determine (i) which hydrogen (HA or HB) is lost from the
allylic position at C-3 and (ii) the configuration at C-1 in the product
to which the electrophilic group (X) becomes attached, Figure {(11). T¢

distinguisi, tetween HA and H, requires *that one of them, but preferabl;

B
both, can »e stereoselectively replaced by either deuterium, or
tritium at tracer level., One of the simplest ways to achizve this is
to incorporate the.allyl system into a ring of defined geometvy such
that one hydrogen will become quasi-axial and the other quasi-equatorial,
and to choose a ring in which it is possible to stereoselectively label
axia} 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-1 reduces to finding if X becomes atl.:ched in an
axial or equatorial position. As is implied in the diagram it 3= ~I130
necessary to tave 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 required, 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 dcuble bond lecd< to
addition across th2 bond, therefore an clectrophile must be chosen such
that neither its counter-ion nor the colvent is sufficiently hucleopﬁilic
to add to the carbonium ion created by acditiorn of =zn electrophile, or
is prevented from so doing by steric restrictions.

By analogy with the enzymic condenzation of (Z) =nd (4)11vit is‘

desirable to generate the electrophile in close proximity to the weakly
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nucleéphilic olefin, aond preferably in such a manner that it will interact
with only one of the two olefinic carbon aioms, C-1. This is best
achieved by an intramolecuiar process in which the electrophilic centre

is gencrated at the end of a carbun cuzin of anproprizte length. The
partizl structure (7) satisfies the above regiirements. An importsni
practical considersticn in the selecticn of a model system is that it
shouldvbe synthetically accessille in good yield. The steroidal substrate
(8) therefore seemed zn attractive possibility since it appeared that an
unremarkanle synthesis from cholesterol could te readily accomplished

and it was known that the allylic 7€ - and 7f§ - hydrogens in
cholesterol could be stereoselectively replaced by deuterium26. The
choice of an acetal as a potential electrophilic centre was based on the
extensive work by Johnson6 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
prodﬁct or products of general form (9).

(ii) Syrthesis of the Olefin-Acetal(8), and its Cyclisation

The most direct route from cholesterol (10) tv the olefin-acctal (8)
appeared to be by way of cholest-4-ene (11) followed by ozonolysis to
give the keto-atuchyde (12). If the aldehydic group in the keto-aldehyde
could be sclectively converted to the keto-acetal (13), then reduction
of the ketone followed by elimination of water should give the desired
precursor (8).

27

Cholesterol was converted to cho.estenone (14) by stardard methods
and the enone reduced to give cholest- 4-ene (11) by the method of Bl'o.wr{)3
with modification of the stoichiometry of the chloroaluminium hydride .
used. Cholest-4-ene (11), readily purified by crystallisation from

(3 o * r] 3
ether-methanol, was czonised in hexane at -78 and the resulting ozonide

reductively cleaved using zinec in acetic acid. Attempts to isolate and
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purif& the resulting cil by preparative layer chromatography failed to
give a pure sample of the desired keto-aldehyde (i2) due to its lability
on the absorbent, but the i.,r. and n.m.r. spectra of the crude oil
showed featurec characteristip of a keto-aldenvie | >>max 2720, 1730,
and 1710 cm_l, T 0.26)., in a cubseguent experiment the crude keto-
aldehyie (12) was treated immecdiately with 1.1 equivalents of ethylene
glycol in refluxing benzene witl. cuntinuous water separation in an
attempt to form the keio-acetal (13). However analytical t.l.c., showcen
that a major proportion of the oily product consisted of very polar
components with only a small amount correspcending to the expected
polarity of the keto-acetal (13), 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 & little of the other., These components were
identified as the keto-acetal (13) and probably the diacetal (15) on
the ﬁasis 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 (&) was
not further pursued,

Hydroboratiui: of cholest-4-ene followed by oxidative work up was
known29 to produce an equal mixture of cholestan-4-ones isomeric at
C-5, which could be equilibrated under basic conditions to produce
predominanily 5 & - cholestan 4-one (16) and a trace amount of
5/3 -cholestan-4-one (17). Baeyer-Vi. liger oxidation of these ketones
and opcning of the lactones produced “nerefore seemed an attractive
route towards 4,5-seco-derivatives. 71he 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 peazks appearcd in esch case, duz io ezullibration cn the column
used. The 55 -isomer showed pe~:s 2t 2917 and 2975 (1:1) whereas the
5 -i.omer (16) gave tbe same peaks‘but in a ratio of 1:8. .3ince the
50l ~isomer is the more stable, the pesk with highest refention value
may be ascribed to it.

Baeyer-Villiger oxidation of the mixture (9:1) of 5 - and 5R-
cholestan-4-ones using peroxytrifluorcacetic acid in methylene chloride3”
resulted in a mixture, th* i.r. specirum of which showed i)may 3600--250C,

1785 and 1740 om +

and which appeared on t.,l.c. to consist of an equal
mixture o7 a very polar and a more mobile component. It seems likely
that under the acidic conditions esterification had occurred afteox
oxidation of the ketone to give the trifluoroacetate (18) of the hydroxy-
acid (21). To prevent this occurring the reaction mixture was buffered
using disodium hydrogen phosphate31 and yields of 85-90%% of the 1actones(19)
and (20) were routinely obtainable. Opening of the lactones to give the
corresponding hydroxy-acids (21) and (22) was effected by stirring with
methanolic potassium hydroxide, and the acids characterised by conversion
(i) to the hydroxy-esters {23) and (24) and then to ihe acetate: .2%)
and (26), and {ii) by oxidation and methylation to give the keto-ester (27).
Attempts tu introduce the [5? double bond met with difficulties.
Since the Baeyei-vVilliger oxidaticn proceeds with retention of
configuration the major proportion of the mixture of lactones produced
had the C-5/0 bond P  and ewatorial (19). An attempt to elfect
elimination of the corresponding hydroxy-acid (21) with phosphyoryl
chloride might not then seem too hopefiul but there is precedent for
elimination of neo-pentyl eguatorial aicohols by this reagent withecut
rearrangement (for example dihydrolanosterol — lanosta -2.8~diene32);

however the major product obtained on reaction was the lactor: (19).
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Similer treaiment of the hydroxy-ester (23%) with phosphoryl chloride
afforded a complex mixture from which was obtained an unidentified
methyl-est2xr in low yield,

Pvrolysis of the corresponding acetate (25) as 2 method of
effecting elimination of the B ~hydrexyl group was then investigatoed.
Tassage of a small sample of the acetate (25) through a silica tube at
5700 packed loosely with glass wool resulied in recovery of the acetate
and a trace of two components more mobilz on t.l.c. Introduction ol a
larger sample into the tube by sublimation at reduced pressure allowed
these two components to be isolated. Th: ...v° mobile component appe:red
to be an olefinic hydrocarbon and was not further investigated, while
the second component appeared to be an olefin-estar
['»max 3010, 1740, and 1640 em Y, T 4.52(1.8H,q), 5.30(small),
and 6.36(3H,s)] which was still a mixture, and on g.l.c. showed the
presence of one major component and a minor component as a shoulder on
the pezk., Encouraged by this result a preparatire oyrolysis procedure
was sought. By clamping the pyrolysis tube vertically Zn an oven a
solution of the acetate (25) could ve inircduced dropwise in a stream of
nitrogen and the product collected in a receiver below. The results
obtained were variable, depending critically on the rate of introduction
of the acetate solution, and to ensure maximum utilisation of the
acetate several passes through the tube were rzquired for each sample,
fhich not only diminished the nverall recovery of material but increased
the projortion of hydrocarbown at the expense of the olefin-ester,

El:mination of the tosylates of equatorial steroidal alcohols by'

33+ 345 35

various methicds have been reporte and our attention was next
focussed on this procedure. The tosylate (28) of the B -hydroxy-ester (23)

formed readily in good vield but tlhe corresponding of -hydroxy-ester (24)
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did not react so rapidly anu in general yiclds were some 30-40% lower.

Adsorpiion of eguatorizl tosylates on alumina, studiea oy Meakins3

and Shthee'f hazs teen shcwn to rexult in olefin {formation, but
adsoiption oi the tusylaie (28) on alumina for 80h resulted in

recovery of hait of fre tecsylate ond a small amount of a component with

the same RF on t.1l.c., a5 the olefin-ester ocbtained by pyrolysis.

Tosylatc eliminations have also been carricd ocut in dipolar aprotic

3439 . s »
38539 ond our next choice of conditions was to heat the tosylate

solvenuts
(28) in drr dimethy’lsulphoxideﬂ'o at 115° for 17h. This resulted in

75%% eliminaticu to give apparently one product on t.l.c. corresponding
“to that obtained from elimination of the tosylate on alumina;,

however t.l.c. on silver nitrate plates showed 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

«f 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 shown to be identical on g.l.c. to the major comecorent from .o..ate
pyrolysis by cross injection. Tmpure samples of the two other components
present in the wixiure were obtained. The first, probably a mixture (3:1)
of the rearransed olefin-esters (30) and (31) was homogeneous on g.l.c.
and t.l.c. The structure (51) is srggested from the n.m.r. spectrunm,

T 5.37 (d), which in fact is probably not a doublet but two singlets
from the exomethylene protons. The is.mc ¢ élefin—ester (30) is
proposed to account for the presence of z vinyl methyl group ( T 8.38)
and an apparent doublet at 7.677T, which collapses to a broad singlet om
irradiation at the olefinic rescnance (4.957T). 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 predinsted structure for such a signal would be a singlet
(from the methylene group adjacent to the ester) superimposed on a
doublet (from the allylic nmethylene group which courles with the vinyl
proton). Double irradiation experiments are cornsistent with these
proposals, The second componeni, also a wixture (5:1) showed the
presence of a vinyl methyl gro-.p, a vinyl proton and a methyl ester
but remains unidentified. Bott of these impure samples correspond to
the peak with shortesi retentican time on g.l.c. although the second
showed a ‘"race of the component with longest retention time while the
required nlefin-ester (29) corresponds to the central peak. From thic
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 gecmetry of the
tosylate (28) in which the 9,10 - C-C bond is parallel to the departing
B -tosylate group. Migration of this bond as shown in Figure (12)
results in a contracted ring B, and proton loss from C-1 or C-19 leads to
(30) and (3%1) respectively. Conditions were then sought to minimise
this competitive rearrangement and experiments wer:s assayed by Z-.-l:Ce.
Addition of potassium t-butoxide improved the ratio of products
from 6:4:1 to 2:5:1 while refluxing the tosylate (28) in pyridine gave

41

a ratio of 1.5:3%:1 and use of sodium acetate in acetic acid’™™ resulted

in a ratio of 2.5:2:1. LElimination in dry dimethylformamide however
proved more encouraging giving a ratio of 2:3.5:1. Lithium halides
have beeu used as nucleophiles in apr~tic solvents to effect reactions

42

such as demethylation of phenols or esters’ and we were prompgted by'

43

previous work'” tuo use lithium bromide ir dimethylformamide.
Accordingly, when the tosylate (28) wao 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 1.5:6:1; a2nd on increasing the proportion of lithium
bromide to a teun-fold excess the < isired olefin-ester (29) was obizined
as the predominant produce (D 90%) in the oclefinic fractioﬁ.

1t seems 1ikely that in dimethylsulphoxide twe porcesses are
cperating; (i) 552 displacement of tesylate by dimethylsulphoxida4o
followed by irans-diaxial elimination to give the olefin-ester (29) and
(ii) depaiture of the B -tosyl-t*e assisted by concomitant C-C beond
migration tc leave a carbinium jon which can lose a proton inr three
ways, Figure (13). Use of a better nucleophile, bromide ion, in
dimethylf.,rmaride evidently competes strongly in the tosylate elimina ion
@ith rearrangement, presumably by a similar mechanism of SN2
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) “o the olefin-acetal (8) was
accomplished by unexceptional means, Figure (14).

Having established this synthetic route from cholesterol,
summarised in Figure (15), further production of the oliefin-ace &’ (3)
was carried out without purification of all intermediates and a yield
of 10% of (8) ..z obtainable starting from cholestenone (14). In one
such process an impurity was detec-ted at the olefin-aldehyde stage.
Analytical t.l.c. showed the presence of a minor component just
separated from the olefin-ald-=hyde (33). Isglation of this icomeric
rearranged aldehyde by preparative t...c. and spectral analysis
[))maxsoso, 2705, 1730, 1630 and 890 cm_l, T 0.22(1H), 5.32(1H), and 5“52(1}3)}
led to the »nroposed structure (34) in accord witlh the previcus sugsestion
of the structure (31) for oreof tne resrranged olefin-esters arising
from elinination of the tosylate (28) in dimethylsulrhoxide. In an

attempt to confirm this structure the rearranged aldehyde (34) wac
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osmylated but instead of isolating the correspending diol (35), work

up ~nd evaporation of the benzene solution produced a very non-rolav
compound, iiomogeneous on t.l.c. but a mixture (2:%) on Zeleces The

rmost probable explanation is that a mixture of isomeric internal
acetais (%6} and (37) were formed, part structures cf which are
itlustrated. G.c.-m.s. studies of the mixture showed the two comronents
t, be isomeric and in conjunction with i.r. and n.m.r. spectra are
censistent with the proposed structures and th=s major fragment ions in

44

the m.s: are readily accommodated @ as sho in Figure (16).

Our next concern was to seek conditions whict would induce

cyclisation of the olefin-acetal (8) to producc hydroxy-eibers (9). Once

45

more drawing on the work of Johnson'~ stannic chlur.ide 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 n~™ar vatio of 1:4
an intractable mixture was produced after 40 min. However mixing of tie
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.co-m,s. facilities became available simplification of the mixture was
attempted. In the belief that most of the products would contain a
ﬁ‘-hydru:yether function ancd since there was the possibility of forming
epimers at C-4 and C-5 (a total of four such products) we attempied to
cleave the ether linkages to give the parent alzohols which could then
be oxidised to the corresponding ketones, Treatment of the crude mixture
=

successively with toluene-4-sulphonyl chloride, sodium iodide and zinc4),

and finally Jones Reagent gave a mixture, Figure (17), which was even
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G.c. = mess, data for the T.M.3, Birers
Peak on g.l.c. B I J K
Retention time {min) 6.6 10.7 12.65 26.25
m/e values and 502 (4) 502 (7)

relative intensities 458 (5) 460 (11) 487 (2) 487 (2)
443 (10) 445 (14)
368 (100) 370 (100) 368 (100) 368 (75)
353 (26) 355 (24) 353 (19) 353 (29)

313 (7) 315 (63) 273 (100)
255 (25) 257 (30) 255 (22) 255 (20)
229 (17) 247 (10)

213 (20) 215 (33) 229 (10)
201 (38) 213 (14) 213 (15)
201 (32) 207 (15)

201 (10)
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more complex thon that initially preduvce? Ly cyelisaticn of the
olefin-acetal (8)!

0:. obtaining results of a g.c.- m.c. analysis cf the cyeclisatiion
mixture, Table (1) il recame ersident 1hn: Lhere was only one ccmiponent
of the mixture, foried in a minor emoun=, vhich was iscmeric with the
olefin~-acetal. To ohtain furtter informziion about the other
components the crude mixture was treated with trimethylsilyl chloride
so that any alcohols present could be chzracterised as the corvesponaing
trimethylsilyl ethers, A g.c.-m.s. analysis of the silylated mixture
was also p.rformed end the results are lisfed in Table (2). Since it
did not prove possible to isolate any pure compounds from the
cyclisetion 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 temveratures
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-aczial and so
methylene chloride in which it was freely soluble vas used.

A prelim’nary experiment using this solveﬂt at 20° resulted in
principally aldehydic material and was not further investigated.
However, a mixtnre of the olefin-acetal and stannie chloride (1:4) in
methylene chloride at -78° resmlted in a dramatic improvement and two
components appeared sufficiently well serarated on t.l.c. tc z1llow
isolation and g.l.c. showed the precence of only four major peaks,
Figuve (18). A preparative scale (100 mg) cyclisation was carried out
using a ratio of (1:20) and after chroematography tvwo pure components
were isolated from the cyclisation mixture in yields of 15%. The more

mobile band showed features characteristic of an unsaiurated
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/3 -hydroxyether [))max 3530, 2010, 1647, 1098, and 1050 cm—l,

T 4.38 (2U,q), 6.38 (4H,m) and : .54 (lH.s)] and the m.s. is also
congisient with such a structure. Fuiiher evidence that this coMpoungd
vas the desired hydroxy-ether (35) was obiaintd ny degvading it to the
saturated purent alcohol, which alsc estarlished the siersochemisiry
at C-4 and C-5. Hydrogenation -.sing diimide afforded the dihydro-compeound
which was not isolated but trea*:i with toluene-4-sulphonyl chloride
followed bty sodium iodide and zinc. The saturated alcohol produced
was shown *o be identical (t.l.c.; g.l.Ce, i.T. and m.s.) with suthentic
40 —hydloxymsfi -cholestane (39). A previous attempt to hydrogenat:
the\hydroxy-ether (38) using palladium/charcoal resulted in formaiion
of two products, one corresponding on t.l.c. to that produced by diimide
reduction,vand the other probably resulting by epimerisation at C-5 on
the catalyst to give the corresponding 5¢€ -saturated hydroxyether (4G).
Thus the hydroxy-ether (38) produced in cyclisation was shown to be the
4 €, 5 F -isomer as indicated. The position of the double bond,[f§6,
was deduc>d from the n.m.r. spectrum which shows the presence of a two
proton quartet in the olefin-region (’C’4.38), and this will be fu.thex
substantiated by deuterium labelling studies (see below). The second
component, also au alcohol, was shown to be identical (t.l.c., g.l.cC.,
ii.r., n.m.r. and m.s.) with 4 P ~hydroxy-5i3 —cholestane (41) and could
be oxidised to the known 5 P -cholestan-4-one (17).

The remaining components in the mixture were not investigated due
to difficulties in separation of pure -omponents but some p-oposals
about their identies can be made from .ucir mass spectral and
chromatographic properties. The firsi three peaks (A, B, and C),

Table (1), are isomeric and from their rctention times are probably
hydrocarbons., These may well result from elimination of alcohois on the

g.l.c. column since they are not present in the g.l.¢. trace of the
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coriesponding irimethylsilyl ethers, and structures such as (42) and
(4:) therefore seem likely. The fourth peak, D, shows M' at 386
and a hase pesk at 355 erd it forms o TMS ether, H. fThese feat-.res
secm best secourtied for by the unsaturated aleohol (44) which conla
arize Py loss of the etlier fragment by intermolecul=r hydride transfer,
“igure (19). Peaks E and F correspond to (41} and (38} which give TMS
¢thers I and J respectively, but peak G is rather difficult to explain.
It bas been shown that this peak correcponds %o a non-polac component
on t.l.c., Figure (20),and yet it appears *+o give a TMS ether. K. It
is possible tlhat this compound is the aluehyle (45) which could arisc
by hydride transfer, but to form s TS ether cf this ald~hvde would
require a further hydride transfer. Although th-.se ideas may appear
unlikely it is possible that on silylation of the mixture hydride
could be supplied as shown, Firure (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 SE2' reaction, but the
occurrence of the saturated alcol ol {11) wes 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

product will contain the acetal residue in either the 4¢&£ - or 4.3
configuration. However when 7-0 fission cceurs to leave the acetal
residve ottached in a 4.P .- configuration, a hydride transfer is
possible from the of =-carbon of the ﬁ ~hydroxyether to C-6 througﬁ
a six-membered 'chair'-like trsnsition state (46j. This will afford
the oxonium ion (47) which on quenching in water will hydrolyse to give
the saturated alcohol (41) via the hemiacetal (48), and it is possible

that the complex appearance of thin layer chromatograms resulted frem
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incomplete hydrolysis of this hemiacetal and its subseouent degradation
on el.ces A similar favoured transition state for hydride transfer is
not available to the corresponding 4o -isomer, Figure (23), ard

consequerily the hydro>y-ether (%8) is formed by loss of a proton from

An interesting feature of the i.r. spectra of 'authentic' 40 -and
4 p ~hydroxy~-5 ﬁ —cholestane is the appearance of a shoulder on the

'free - OH' adsorption. The 4& ~—isomer (3%) chews a choulder to

Ly

higher wave number ( ) nax 3640 sh and 2430 cm-l) while the converse ‘s
true for the 4B ~isomer (41) ( )>max 2628 zad 7604 sh cm_l), and tiie
may reflect the energies of different rotameric positions for the 0-H
kond in these compounds, but in any case it proviled 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 ™-7 was cleanly lost
and (ii) that there was no scrambling of hydrogen during the reaction.

(iii) Deuterium Labelling Studiec =n< 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-
hyircxy-olefin (49) which was elaborated to the 4-deuterio-olefin-acetal
(51) as before. Cyclisation of this acetal (51) gave the deuterio- |
hydroxy-ether (52) and 4¢C -denterio-4P —hydroxy-S}Z -cholestane (53)
with comyl:te retention of deuterium at C-4.

To iabel the T-position it was our intention to reduce the
corresponding enmaester (54) with dichlaroaluminium deuteride. Allylic

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

dioxan accordine to Thomson46 resulied in the production of two compounds

neither of which was an enone. The major component was identified as
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the bromc-keto-aster (55) [‘D 1740, 1720 Cm—l, T 6.10 (1H,s),

max

. s
6.42 (3H,s), M 512 and 51 ] and the minor component the corresponding

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

N

rormation had cncurred; Tollowed by oxidation of (55) by

N~bromosuccinimide to give the bromo-keto-ester (55), and a more recant

47

Tablication by Mazur'' confirms this as being the more common ~ourse of
r:action under these conditions., However use of anhydrous sodium
chromate effected the desired transformation and zave a mixture (5:1)
of the enons-ester (54) and an isomaric enone-ester (57) characterise?
by its n.m.r, spectrum which exhibited a sw.?? allylic coupling (BHz)
on the limbs of the quartet arising from the vinyl protons. The enone-
ester (54), purified by preparative t.l.c. was retuzed as described using
dichloroaluminium deuteride to give the tetiadeuterio-hydroxy-olefin (58)
which was converted to the trideuterio-olefin-acetal (60) as described
above, Cyclisation of this substrate (60) afforded a dideuterio-
hydroxy-ether (61) which clearly showed the pres>nce of a vinyl deuterium
[»max 2235 cm—l, T 4.43 "_E,d)]and the complete loss of one deuterium
atom in the cyclisation, which consiitutes additional proof that the
double bond in the hydroxy-ether (38) is Z§6. 'The corresponding
4 P ~hydroxy-5 ﬁ -cholestane (A2) was shown to retain its deuterium
compictely and although it cannot bc stated with certainty, it seems
probable that it is retained at C-7 in accord with the mechanism advanced
lfor its formation. Thus we had establishea that
(i, ~n S;2' process occurs,
(ii; a proton is lost from C-7, and
(iii) the electrophilic group (C-4) becomes atiacted from the

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

was any stereoselectivity in the proton loss from Cc-T7.
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To complete the investigation two stereospecifically and

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

that choleaternl ranld b elorancmoani PiaciTer 119" -3 .2 A m
incorporaiion of 38, 2R-2- Hl-mevalonic acid using a2 preparation of

in

! A8 26

rat-liver slices’, Figure (24), or by the method of Coreg‘
rat-liver slices"”, Figure (24), or by *he method of Corey”

iavolving protonaiion of the enol form of'Eﬁ ~acetoxy-6-oxo-

cliclestane as outlined in Figure (25)., However our éxperience in using
dichioroaluminium hydride for +*hc rednciion of encnes and the known
preference for of -attack at C-7 in ster..?~ prompted us to tvy using

the corresponding deuterated reagent for reauciior of the dihydroxy-o.=fin
(63), readily available from the corresponding enone-cstex (54) by
lithium aluminium hydride reduction. Reducticn ol (65) did in fact
produce a monodeuterio-hydroxy-olefin (64) btut we were unable to determine
precisely the distribution of deuterium label between the 7oL -and

7 P -positions. The n.m.r. spectrum of (64) showed the same basic
pattern for the olefinic region as the unlabelled -~uupound (32) with the
exception that the lowfielZ limbs of the olefinic quariet were not so
well resolved., An attempt to phoin-~v genaire the olefin-acetal (8) to
establish an analytical procedure for estimation of the 7€ -proton

failed and we then had to revert to cholesterol, photo-oxygenation of

4 ,
which is known to be specific for the 7L ~proton 99 to introduce a

label at C-7. A sterioselective intrcdnction of deuterium at C-7 was
achieved by reduction of 7 ﬁ ~hvdroxycholesterol with dichloroaluminium
deuteride; the procedure and deuterium analysis of these compounds are
fully discussed in Part II.

The 7 F ~deuteriocholesterol {65) (97% 7 ﬁ -4) was converted to
the corresponding 7 }3 -deuterio-olefin-acetal (66) by the route
described, and the n.m.r. spectrum of this compound, Figure (26),
clearly shows the removal of the 2.5 Hz vicinal coupling between the

C-6-and 7 ﬁ -hydrogens, and also that the C-5 proton retains an allylic
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coupling whiich the C-6 vroton does not have, by comparisen of the
hel:-band width of the signals (¥, 3Hz and 2Hz respectively).
P

Cyclisation of this acetal affordcd z hydroxy-ether (€7) ( D 96 - 4,)

and which showed a vinyl deaterium ( i)max 22%0 um-]).

Our immediate conclusinn was therefore that this SEZ' reaction
rroceeds stercospecifically with syn stereochemistry, by loss of the
T -hydlégen and formation of an of -C-4/C~5 bond., About this tine,
however, we became concerned lest the ToC -proton was being abstracted
in an intramolecular process in which the oxygen atom of the poténtial

B -hydroxy-ether might participate as shewm (69). To allay these
fears we determined to find condition; for cyclisation as different as
possible from those descrihbed, to show that for a different leaving
group, solvent, and initiator, the stereochamistry 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 DoyleSO. Trifluoroethanol is a useful medium for ruch reactions
since (i) it is a good ionising s»l.»~t thuz 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 (brosylate) of the hydroxy-olefin (32)
was therefore prepared and refluxed in tri-luoroethanol for 3 days in
the pre&ence of urea (to neutralise any acid formed). A small yield
of hydrccacbons was obtained consisting of one principal component,

5;3 -cholest-6-ene, identical wiih an zuthentic specimen on t.1.c.,
g.1.c. amdm,s. The yield of hydrocarton from solvolysis of tie

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

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

The sample of 7, -deuteriocholesterol (71) (82.5% ToC -4,

17.5% 7B -d) was converted to the ToC ~deuterio-hydroxy-olefin (72)
hy the »oual roote and the nem.r. specfrum showed that C-7/C-6
coupling wes still present as expected, Pigure (27). Conversiscn of
(72) to the corresponding brosylate (73) and cyclisation in a sealed
tnhe afforded a hydrocarbon fraction, predominantly 5;3 -cholest-€-ene
(74)vwhich was 16,5% dys 8359 d_ by masa spectrometry.

Thus the stereochemistry of this SEQ' reaction is also syn and is
less likely to involve internal absirac'ion ¢f the C-7 proton by the brosy-
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 SEZ' reaction depending on whetner it is concerted or
not, it is of interest to speculate on tre timing of bori wreaking 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) or oxonium ion (76) as
shom: 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 alcciiol (41) as a cyclisation product. If,
as sugg-sted, this is produced by an internal hydride transfer process,
then C-4,/C-5 bond formation must have advanced considerably before
this occurs. 1% is likely that the initial C-4/0Oxygen cleavage ccn 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 nol so favoursble as that in (7%) where C-4/C-5 bond formation
accompanies C~4/oxysen cleavage. Not only does this mechanism vroduce
a bevter transition =tate geometry for hydride transfer, but it has

the added cdvantage ot positive chnaracter at C-6 and a lone pair of
electirons on the oxygen atom available to sssist transfer as previcusly
indicated in (46). J{ as suggested formation of the C-4/C-5 bond
precedes hydride %ransfer in forr.ation of thc alcohol (41) then it is
tewpting t> suppose that in the cyclisation of the olefin-acetal {2)

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

advanced51 it is felt that the cyclisation is probably not - conzerted.

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 reguired to explair. the observed syn-stereochemistry, but that

an alternative explanation is required to explain the observed anti-

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

(iv) Limitations of the Model System and Attempis ic Surmount Them
A more critical examination of the choice of a model system
revealed two basic limitations;
(i) the 7¢C -and 7 B -protons are not equally disposed
with respect to th: J(-system, and
(ii)  the side chain carrying the potential cationic site
can only approach the olefin from the o€ -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 7oL -and 7f3 -proions make with
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the plane of the Tobes of the A7-system (25O and 520) it may well
have a buiit-in discrimination ias favour of lozs of the 7ol -proton
due 15 the greater abilityv of the C—?/Hd3 bend to conjugate with the
olefin, Powever if ocrvital svieretry is tha controlling feature in
the stereochemistry of cyclisation, ani if the stereochemistiy of
SEE' reactions is generully sy.. then cyclisation of the analogous
10cC -methyl-olefin-scetal (80) should resuli in loss of *the 7B -
hydrogen and formation of a new 8 - C-4/C-5 hond (79). As in the
above model tne side chain would again be constrained to approach the
olefin in unly one direction, but this time from the B -face, It was
our intention therefore to synthesise this 10 &£ -methyl-olefin-acetal
(80) and attempt similar cyclisations.

The 10 £ ~methyl steroids are synthetically more difficult to
prepare than their 10}3 -isomers due principally to the eclipsing of
the 9o -hydrogen and 10« -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 mish?, be
accomplished;

(1) by cemoval and replacement of the 10}3 ~-methyl

group, Or

(ii) by removal and reconstitution of ring A,
and it was the latter process vhich was first investigated since
our interest was in 4,5-seco-derivatives. Examination of the
literature revealed that the degradation of ring A of cholesta-1,4-
dienone (81) had been reported52 and the product, the so-calied
Inhorfen Ketone (82), identified. The yield of this ketone (82)
produced by ozonolysis of (81) was very small (<10%) and subsequent

investigations by Robinson53 effected only a slight iamprovement.
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In the same publication Robinson reported on the synthesis of the
ke'o-acid (83) from lnhoffen Ketone, Fisure (30), and found that the

10 ﬁ -methyl-keto-acid (83) was the principal product formed on
condensution of (84) with acrylonitrile followed by hydrolysis, with
less than 15% of the reaction mixture Leing poscibly ascribable to {ihe
200 -methyl isomer (85). If this route were to be of usz in synthesis ~
ol 10eC -methyl devivatives then clearly better yields of the ketone
(82) were required andmadification of the condensation reaction was

also necessary.

It was found that ozonolysis of chilzos.»-1,4~dienone in various
solvents at room temperature led to a number of products orn oxidative
work up. The keto-aldehyde (86), keto-acid (87) 2ri the unsaturated
keto-acid (88) were the most prominent but ome Inhoffen 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 (81) at —730 resvlted in rapid
formation of the ozonide (89) identified by its spectrul properties,
[))max 3020, 1805, 1685, 1100, ard SO cm-l. T 4.06 (1H,s), 4.18 (1H,d),
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°U and this is
most likely due to coupling across the keto-group and the resonance at
4.697C , although a singlet is broadened compared to that at 4.067C.

Attempts to induce retro-Aldolisation with the keto-aldehyde (86)
or to derarboxylate tleketo-=ucad (87) resulted in a poor recovery ot
Inhoffer. Ketone along with much polar material, however the unsaturated
keto-acid (88) could be obtained in high yield from the ozonide (r9)
by refluxing in acetic acid., Means were sought to effect degradation

of (88) without success and furthei ozonolysis of the corresponding
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ester (90) procecded slowly and resulied in mixtares. Csmylation of
the dounle bond in (99) using catulytic guantities of osmi-im tetroxide
in Lo presence of sodium periodate failed, but =2 paover Tty CaSpiS4
gave hope that the diewone (81) mignt be degradamdble 30 ihe kotone (22)
by use of ruthcnium tetroxide., After esxperimentztion with this oxidant
yrelds of Inhoffcn Ketone were no better than those achieved by ozonolysis
and work on this scheme was discortinuad,
Two methods for remcval of the 10}3 -methyl group were

55,56

investigated. The first, a dienone-phenol rearrangement gave the
acetate (91, from the dienone (81) in near quantitative yield, by -
ireatment with concentrated sulphuric acid in acetic anhydride, and was
readily convertec'l to the methyl-ether (92). Reduction of this ether

I3
21,8 afforded the ZX”IO olefin {93) whereas

using lithium in ethylamine
lithium in ammonia gave no reaction. This olefin was of little use
since it lacks suitable functionality to allow elaboration to the 10 -
methyl series, while one of the expected products of Birch reduction,
the ketone (95), could in theory be cleaved by ozonols-cis and
methylated at C-10 to give 4,5-seco-10X -compounds. However reductive
elimination of J-19 is also possible by use of lithium and biphenyl in
tetrahydrofuran59. Treatment of the dienone (81) with this reagent
afforded the 3-phenol (96) which can ve directly reduced to the

3L ~hydroxy- [Sp‘lo-olefin (97) in high yield using a large excess of
lithium in anmmonia®®. In a synthesis of 10C -testosterone, Ginsig and

61,62

Cross effected a stereospecific Simmons-Smith of -methylenation of

a 3 &K ~hydroxy- 4255’10 olefin system in high yield. However this
L s /. (o]
reaction involved the use of a sealed tube and high temperatures (100 )

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 rirg Mremation
[1'9.42 (¢, J4Hz) and 9.71 (4, J4Hz}].

Cince it is believed that the 3oC -oxrgen directs approach of the
reagent to the double hond, but h:s in fact ar equatorial configuration,
the high temperature 1s probably recouived o change the conformation
of ring A so that th= hydroxyl becomes axizl. To obviate the need
for high temperature and pressure it was proposed to attach a small side
chain to the 3oL -hydroxyl group which might still direct the methyiene
reagent but at a lower temperature. A ﬁ ~hydroxy-ether function (98‘
seemed best 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 3 =
alkoxide. A further attempt using [3—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 (100). Unfortunately Simmons-Smith methyienation =¥
this compbund failed to give any cyclopropyl derivatives. The
remainder of 1he proposed synthesis is outlined in Figure (31).

The failure to obtain a 10cC -methyl derivative for cyclisation
was disappointing, but about this time cur theoretical studies of the
S_2' process were coming to fru.ition and they caused us to reconsider

E

the reaction in a new light.
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(v} MNolceular Crbitel Colculations

With the adveut of modern high speed computers in the late 1960's
it became pozsikle to eslculate molecular orbitals for relatively
coumplex moiecules by uwse of various semi-empirical approazches, such
as 'Complete Neglect of Differential Overlap' (CNDO) and 'Tniermediate
Neglect of Differential Overlap' (INDO), Since all previous ideas

2' and S.2' reacticns were advanced before this

pertaining to the SE N

period the present study is by far the most reliable to date. The
calculations, results of which are Jdesc-ibed below, were performed
on an IBM 370/155 computer using a program made available by Pople63
for calculation of molecular orbitals usin> the INDO parameterisation.
This program allows up to 35 aticms to be includeu in a molecule and
uses as a basis set the valence atomic orbitals of the component atoms,
that is 2s, 2px, 2py, and 2pZ fur carbon, nitrogen and oxygen and 1s
for hydrogen. Fuller details of the calculation pxuécdure are
described in the appendix.

The failure to p.oduce the 1lU o0 -methyl acetal (80) for
cyclisation denied us the opportunity to test e.iperimentally whether
the SE2' reaction would proceed with syn stereochemistry in spite of
the fact that the allylic C-H bond to be broken was less favourably
oriented with respect to the Ty-system (see above). Our initial
objective therefore was to construct a mcdel of the olefinic part of
the acetali (8) and to discover what changes in bonding occurred in the
2llylic system on allowing a positive charge to approach perpendicular
to the nlane of ihe olefin, In all calculations in which a cyclphexene'
systcm was used the ring was placed in a coordinate system, Figure (32),
such that the double bond lay in the x,y-plane with the p, orbitals

forming the T¢ ~system, and the ring was assumed tc be in the halt-chair



TABLE (3)

Bond Indices

Molecule Bond - Index
CH4 C-H 0.987
C2H6 C-H 0.981
02H4 C-H 0.979
02112 C-H 0.964
HCHO C-H 0.918
C2H6 c-2¢C 1.023
02H4 C=2C 2.032
02H2 2= C 2,08
HCHO cC=20 1.997

Source Ref.64.



Approach cf CH.

‘

PABLE (4)

* 4o Trimethylethyleyclchaxene

3

Table of Bond Indices

~

Bond Distance of methyl group from C - 1 (i)

60 +3.0 -3.0 +2.5 -2.5 +2.0 -2.0 +1.55 -1.535
5 - 4| 0.952 0.951 0.954 0.948 0.953 0.948 0.951 0.951 0.949
3 -5 0.945 0.9%9 0.94% 0.931 92.942 0.924 0.937 0.926 0.940
2 -3 1.038 1.044 1.038 1.051 1.040 1.061 1.044 1.04C 1.057
1 -2 1.934 1.832 1.932 1.691 1.907 .49 1.544 1.317 1.374
1 -6 - 0.096 0.002 C.248 0.019 0.488 0.183 0.686 0,597
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conformation with all bonds 'staggered' where possible. The basic
aJ proach used to calculate whether there is any preferential siereo-
chemistry for the SEQ' and SNQ' reactions was to kecep the germetry of
the olefinic syutem fixed and to allow a group to approach the double
bond at C~] in the z-direction from either ahove cr belcw the X;y=-plone,
Tne effect of allowing an electrophile or nuclecphile to apprcach the
double bond was monitored at various arbitrary distances ranging from
3,0 to 1.1 % above and below the x,y~-plane, A measure of bond
weakening anghence chemical reactivity of the allylic hydrogen atoms
was obtained bty calculating the Bond Ina;ceu64 from the density matrix,
for example a bond index of 1 would corresvond to a "pure covalent-two-
electron~tond" and a value of O a "purely ionic rcrni", 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 ~alcowlations a positive
charge is ascribed to the ~omplete molecular system as necessary for
approach of a methyl group or prcten ~md 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.

™o simulate as closely as possible the olefin-acetal cyclisation

a planar CH, group was allowed to approuch C-1 of trimethylethylcyclohexene,

3

rigure (33), from above or below thc x,y-piane. The results from
calculaii~ns on this system are listed in Table (4) which shows the
bond iniices for the two allylic C-H bonds, the olefinic double bend
and the new bond which is forming between ths incoming methyl grouwp and
C-1. TFrom the Table it can be seen, in common with ideas about
hyperconjugation65, tha*t in the isolated cyclohexene system'the bond
which is more nearly eclipsed with the pz-orbitals, C-3/H-5, is weaker

than its geminal partner C-3/H-4, On placing a planar CH3 group either



kpproach of 1" Lo Trimethylethvlcyciohexene .

TADLE (5)

]
Tavle of Bond Indices

+ o

Bond Distance of H' fwrom C - 3 (A}
+2.5  =2.5 1.5 -1.5 +1.3 -1., Y1 -1
3 - 0.945 0.954 0.941 0.949 0.942 0.932 0.943 0.935
3 - 0.917 0.943 0.906 0.921 0.905 0.916 0,904 9.917
2 - 1.064 1.039 1.076 1.066 1.077 1.074 1.077 1.071
1 - 1.670 1,909 1.398 1.471 1.375 1.376 1.3%64 1.40%
1 - 0.23% 0.021 0.548 0.465 0.560 0.621 0.637 0.560




N
1

akove or below the douhlc bond in the plane of P, at C-1 and giving
th2 whole system a positive charge, it can be seen mosi markedly that

it is the C-3//1-5 bord which wealenz in hoth csses and this trena is

continmed as the nethyl group is allowed to approach closer to C-1
whereas ihe 0-%/tl-4 bond index remains nearly constant. It is evident
elso that approach from above the plame wonld appear to canse bond
wiakening to o greater extent then from below, andzt first glance

thie might then seem to be a case for proposirg that anti substitution
is favoured over syn. This cannot be deduoed from this particular
model since as a result of the geometry oi v.: model system chosen
there is severe interaction of the incoming methyl group wiith the
ethyl-side chain, (for example at 2.53 helov the pliane of the olefin,
one of the hydrogen atoms of the methyl group gets *o within 0.62 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 .ince changes in
conformation would result Sefore the groups could become so close.

In an attempt tc remove this cvv*icism the calculations were
repeated, only this time allowing a hydrogen atom to approach
perpendicular to C-1. 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 hvdrogen atoms, and therefore the bond
indices ..e affected to a grzater extent, Table (5);

(ii) al:hough interaction with the ethyl side chain has been reduced

there is ztill mcre steric hindrance from below the plane than frem

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






Approach of 1 to Provene (1)

Table of Rond Indices

[¢]
Distance of HY from C - 1 (A)

Bond -

o0 +3,0 =-3.0 42.0 -2.0 +1.5% ~1.% +41.1 -1.,1
3 - 4]0.973 0.962 0.962 0.965 0.960 0.966 0.958 0.966 0.955
3 - 5]0.975 0.963 0.962 0.963 0.965 0.962 0.966 0.959 0.967
3-6|0.962 0.912 0.913 0.916 0,920 0.916 0.921 0.921 0.919
2 - 31,055 1.089 1.089 1.096 1.095 1.100 1.099 1.10; 1.102
1-2]1.990 1.671 1.670 1.500 1.9 1.408 1.407 1.484 1.420
1-7| - 0.33 0.333 0.508 0.508 0.617 0.617 0.635 0.685




. .o+
Apprcach of N

TAPLE (7)

=

to Propane (ii)

Takle of Peond Indices

(o]
Distance of B from ¢ - 1 (A)

Bond

150) +3%,0 +2.75 +2.5 +2.0 +1.5 +1.1
3 - 410,965 0.928 0.930 0.931 6.93%35 0.937 0.937
3 -510.,965 0.928 0.928 0.928 0.928 0.927 0.924
3 - 6 0.976 0.978 0.978 0.978 0.978 0.977 0.977
2-311,05 1.092 1.094 1.095 1.099 1.103 1.107
1 -2 1.987 1.671 1.6% 1.595 1.500 1.407 1.3%6)
1-71 = 0.%%2 0.366 0.407 0.507 0.616 0.684
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eclipsed with the T -system that weakens preferentially no matter
wt ether the incoming group approaches C-1 from above or below.

To fully substansiate ithis itrend by caleulation requires » svatem
in which there i1s no sieric restrictions for apwrozch of an
electrophiie to C--1. The simple propenc model (105) therefore seemed
10 be ideal @nd calcwlation of the molecular orbitals for *his system
r3vealed that the C-3/H-6 hond, deliberately chosen to be in the plane
ol the P, orbital on C-2, is weaker than the iwe other allylic C-H
bonds which are equally disposed with reupect to the pz-orbital on
C-2, Table (6). On placing a hydrogen atom at va~ious distances
perpendicular to C~1 and giving the whole system a positive charge it
is strikingly obvious that the C-3/H-6 bond is w:akened 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 apprgéyiate to irvestigate the situation (106)
in which the two allflic f~H bonaz v:ie 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 bond anti to the incoming group.
This would be expected on simplic electrostatic grounds? since in the
absence os any preferential bonding with the 1 -system, maximum charge
separation will lead to a more stable arrangement.and'&us an incoming
positive charge at C-1 would create positive charge on the opposite

side of the molecule at C-3.
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The conclnuions from these calculations are that (i) the
direction of epproach of the electrophile to the olefin in an SFQ'
regction does not conirol ine configuraticn frow which the allylice
substituent is loat except when the allylic groaps ave equally dispesed
about the plane of the double bond, and {ii) the #llylic bond which ic
lroken in an SE?' process will be that which is more nearly eclipsed
with the pZ-orbital of the neighbouring carbon atom. It therefore
seens reasonable to suppose thei it wiil be sieric factors which will
control the approach of the electrephile ic *he double bond, =nd
consequently it is not surprising that in our. own experimental exampli-~<
of an SE2‘ reaction gyn stereochemistiry wac observed. The above
proposals do allow a prediction to be made about the stereochemistry
of cyclisation c¢f the corresponding 10¢C -methyl-acratal (80) and on
the above basis cyclisation should lead to an ovgrallAggii stereochemistry
by formation of the C-4/C-5 bond on the ﬂ ~face and ioss of the
71X -proton, in contrast to our previous expectacions.

Since the SNQ‘ react.un is superficiazlly similar to the SE2'
reaction, it might be expected that *le san~ fectors would also control
the stereochemistiry of this reaction. To test this idea by calculation
we chose to examine the example of Stork and Whitel7 in which
piperidine was used to effect an SNZ' substitution on the dichlorobenzoate
nf ig§g§74~methy1cyclohexen—3-01. ‘Since the program could only cope
with 35 atoms we chose as a mc?~l the interaction of pyrrolidine with
4-methyloyclohexen-3=0l in which the nitrogen atom was allowed to
approach perpendicular to C-1 in the plane of the\1(-system. Four
cases were considered; approach from above and below to the tranc-
diequatorial form, and apprcach from above and below to the trans-

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



Ly (8)

Approach of Pyrrolidine to irans-4-methvleyeclohexen—3-ol.

Table of Bond Indices

(i) Diaxial Conformation

Bond Distance of nitrogen atom from C - 1 R

fee] +2.5 =2.5 42,0 =-=2,0 +1.5 =1.5

C-0]0.937 0.935 0.934 0.927 0.924 0.890 (.885

C-N - 0.010 0.011 0.095 0,098 0.567 0.547

(ii) Diequatorial 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)

Comparisen of Rkrergetics of Approach of Pyrrolidine

to_irans-4-metnyvicycloneyen—3-cl

Qigxial Conformation

——

Approach Approach fxrom helow fav ared
from (2) 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 (X) by (Kcal/mol)

3.0 0.11

2.5 0.59

20 - 0.48

1.8 4.86
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these tour systems are listed in Table (8), from which it can be

s2en that for the trans-disxial conformer egual C-0 bond weakening

is obtained on apprcach from above or below., A4 similar sitiation
perteins in the cdiequatorizl conformer but the extent of bond weakening
obtained is iess, in agreement with the view that a quasi-equatorial
11lylic group is not so well conjugated with the T -systew as a
wuasi-axiazl group.

If a comparison of the total encrgies for these interacting
groups is made, Table (9), then it becor.s apparent that in the diaxial
conformetion approach of pyrrolidine is much mor« favoured from below,
while the diequatorial conformer shows little preference for attack
from either side. It is not difficult to suggest a plausible
explanation for this situation. The most cbvious cause for the higher
energy'of approach to the diaxial conformer from a50ve is the steric
interaction of the incoming pyrroiidine group with the axial 4-methyl
group, and this is confirmed from thedensity mat..ix as teing a major
interaction. The sterecciemistry of this SNQ‘ reactior can then be
adequately explained as follows: {i) the cyclohexenol system will
consist of a mixture of equilibrating trans-diaxial and dieguatorial
forms, and the most favoured conformation for C-0O bond cleavage will

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

prevented from shove due to steric interactions and therefore, as

observed. the incoming nucleopiile aporoaches from below and on the
same side as the 1eaving group to give syn stereochemistry.
Jofford66 has studied the stereochemistry of the‘reductive
_ debromination of exo-l-methyl-3,4--dibromobicyclo [3,2,1] oct-2-2ne {108)
with ]ithium aluminium deuteride and established that allylic re-

arrangement takes placc and that deuteride is supplied from the same
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face as bromide is removed (109), and also that solvolysis of (108)
with aqueous silver nitrate gives equal amounts of the 2 - and
4-hydroexy-compounds (J10) ana (111). He proposed that the e ual
formativa of (1i0) end (111) on solvolysiz implied intermediacy of

the allylic carvtonium iou and then statzd that the completie exo-

stereospecificity was explained by the preferential formation of
qiasi-axial bonds, He goes on to say that the SN2' process is not
affected by steric faectors and that the geometry of the reaction is
favoured on quantum mechanical grounds. Th:ze arguments are not
satisfactory since, (i), if an allylic carbonium ‘on is formed in the
solvolysis, then capture by water should be equally possible from both
sides, and if there is complete exo-sterszospecificity 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 congruction with
(i) approach of hydride must be exo for steric reasons, or possibly by
favourable interacticwn with the lioving gro.p in a "eyelice" type
pathway. In a later paper67 Jefford admits to someof the above
possibilities but makes no mention of what must be significant 1,2-
torsional interaction between incoming hydride and the C-1/C-8 bond
if there was to be endo attack, a feature not present for exo-attack.
A 3rag§73N2' reaction has reen proposed68 to explain the acetolysis
of 4 F ~piomo=-5 P -cholestan-3-one (112) by way of the corresponding
enol fom (113). This findings 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



(M3)



the C-Br Loud is guani~nuxial and conziderstion of torsional interactions
with the incoming nucleophile riveals a 1,2~torsional intcraciion with
the O '.'.,/H)3 bond for approach from the ﬁ«-face bui no such interacticon
from below. Hence th» ohserved sicreochenistiy is anti.,  T™e authors
do not refer to the theories exiant at the time of pubiication but
do make the point ithat the stercochemistry of the reaction depends on
the:&efeochcmistxy of the substrate,

It is proper now to consider the question of "concertedrnoss"
with respect ic the above calculations and in this context it is the
timing of cond breaking and bond formation that is implied by the ierm.

The above calculations and results should be equally valid whether

bond making and bond brezking 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 SNZ' or SEZ' as appli~d 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 reactiom {i) is
bimolecular, (ii) is initiated by an anion or cation respectivel; _..d

(iii) involves 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 »nd outgoing groups will control the

course of the reaction.
The calculations described herein are the first to be performed
on SEQ' and SNZ' reactions and in the light of these the fnrmer

postulates should be examined. The first general criticism of

previous work is that all the conclusions presented are based largely
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on analogies for the reactions and are not supported by cetailed
. 1 n 15 ] 5 : ]
ce¢leculation. ¥or example, Anh -~ considers the &VZ' reaction in
i)
terms of an interactirg allvlic cation and twc anions (and

corrvespoudirgsly an SF2‘ reaction is regarded os an allylic anion

interactin: with two cations)., This is not o physically real sitnation

gince any such system of charged species will be inherently unstable;

¢ msequently predictions made from this model, although internally
consistent, need not apply to the real reacticas. Anh also presents
orbital diagrams for the highest filled .riu.tal of the allylic anion iu
support of his arguments in which he has taken s - p combinations to
produce hybrid orbitals intermediaie between p and sp3 orbitals,

Figure (35), and then considers two casesj

(i) Y - C-1 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—i bond formation in which
case X becomes antibonding with respect to C-3 anl syn - stereochemistry
is predicted, Figure (36). In fact calculation shows that the carbon
2s and 2pz atomic orbitals contriivuic large.y %o different molecular
orbitals and that the major contribution to the highest fiiled
molecular orbitals result from only the 2pz atomic orbitals, Figure (37).
From these orbital diagrams it can be seen that there is no preference
for syn or anti-stereochemistry. The appreaclies of Fukuil4, Drenth16,
and Jefford69 suffer from similcr piifalls and although the ideas
presenteu are all "correct" chey are not supported by calculation and'
therefoie contain no measure of just how applicable they are to the
real situation. it appears, moreover, that from the above resul’s
these approaches by the four theoreticians are not applicable to the

SE2‘ and SN2' reactions and hence they have no predictive value.
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(vi)

Conclusiona

(a) The Sy2' and S.2' reactions mey chow either gyn or anti

(v)

(c)

(d

(e

)

\
7

sterenchemisiry depending on the stereochemistry of the
svbsirate and the nature of the entering and leaving

groups.

In such reactions, the leaving group (X) will prefer
to depart so that there is maximum tording with the

T\ -system, that is the allyli- C ¥ bond should be as
nearly eclipsed as possible witn the direction of the

p-orbitals which constitule the TC-system.

The experimental model chosen to illusirate the stereo-
chemistry of the SEZ' reaction has inbuilt bias as
previously described, and can only result in a syn

process though the corresponding 10K -mnthyl-acetal (80)

should cyclise with anti-stereochemistry.

The condensation of C=5 urits «bserved experimentally
to be syn and the isomerisation of 3-methyl-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.,

There has been muctk confusion unnecessarily introduced
into discussions on the stereochenistry of SEQ' and
SNZ' reactions by the use of "intuitive arrow-pushing”
ideas about electronic reorganisation during the

reaction and by the use of unreal model systems,
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The findings of this study clearly show the need for further
work to eatablish experimentally the stereochenisiry of SNQ’ and
SEZ' reactions in a vasiety of different systems, sc that the
generality »f the above conclusions may be further tested., It is
r.1so suggested that similar detailed molecular orbital calculations

1

t. performed on the E2 reaction to establish whether there is any

electronically favoured stersochemicei pathway for this process,
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EXPERIMENTAL

Gencral Directions

A1l melting points (m.p.) were determined ou a Kofler hot-stage
epparatus aud are uncorvected. Routine infra-red (i.r.) spectra were
recorded, in carbon tetrachioride sclution, on a Perkin-Elmes 257
sweciropnotometer and high resolution speectra were recorded by

Mrz. P, La#rie and staff using a Unicam S.P.100 or a Perkin-Klmer 225
double beam spectrophotometer. Only the major ﬁeaks or those of
diagnostic value are quoted. Nuclear magnetic resonance (n.m.r.)

spectra were recorded in CDCl, using T.L.S. as an internal standard

3
on a Varian T.60 or H.A.100 spectrcueier by Mr. J. Gall and

Mr. A. Haetzmsn. The n.m.r. data is recorded on the T scale and only
significant signals are reported. Mass sperira (m.s.) were routinely
determined on an A.E.I. M.S.12 spectrometer, whilst wmixtures 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 .ccorded at

70eV unless otherwise stated. Analv*ica, gas-liquid chromatography
(g.1l.c.) was performed on a Pye-Argon or Perkin-Elmer F.11 chromatograph
and peaks are identified by either their retention time in minutes or by
their carbon number. Merck Kieselgel HF254 was used for all thin layer
chromatography (t.l.c.), analytical on C.25mm plates and preparative on
1.0mm plates. 'Silver nitrate plates' wer: made using a slurry of

15% by w2ight of silver nitrate in silica gel G. Micro-analysis were
performe? by Mr. J.M.L. Cameron, B.Sc., and his staff. Petrol refers’
to the fraction b.p. 60-80°. All organic extracts were washed te

neutrality by appropriate acid or base treatment and were dried over

anhydrous magnesium sulphate.
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SYNTH#SIS AND CYCLISATION O THE OLEFIN-ACETAL {(8)

Cholestenone (14)

P Suey

7
Oxidstion cf cholesterol hy the meihod of Fieserz’ gave
c1olestenone (14) in yields of 65-70% with m.p. 9-80°

G227 79.5-80.5°).

Cholest-4-ene (11)

Anhydrous aluminium chloride (48g, {.3l~cl) was carefully
added to dry ether (200m1) stirred at 00 under nitrogen. A slurry
of lithium aluminium hydride (4.6g, 0.12mo0l) in dry sther (150ml)
was cautiously added and the resulting mixture stirred for 10 min.
A solution of cholestenone (23g, 0.06mol) in dry ether (200m1)
precooled to 0° was added over 20 min and the mixture stirred for a
furither 30 min, when the reaction was quenched by dropwise addition
of water till the inorganic salts coagnlated., The etherzal solution
was decanted, dried and evaporated ic sive cholest-4-ene, (19.1g, 86%)
m.p. 80-81° (1it.,°” 79-80 and 82-83°), () =+ 68.5° (C 1.45),

(lit.,29 +65° and +76°), after crystallisation from ether-methanol.

Ozonolysis of Cholest-4-ene (11)

Ozone enriched oxygen was hubbled threugh a solution of
cholest-y-ene (0.5g) in hexane (10ml) at —780 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 io 20°, when scetic acid (10ml) and zinc dust (6.Sg)

were added. The mixture was stirred for 20h, filtered and the product
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(O.ASg) icolated ty extraction into ethex. Aanlytical t.l.c. of the
clear oil in eihy] acetate-petro’ (1:3) showed the presence of one
cemnorn? (Re 0.6) with tailing to the bece line. Uhe orude oil {12)
showed 5)max 2720w, 17%5s, 17108, 1230w, 1940w, and 950 om b, T
0.26 (1¥,t,737z). 7The sample could noi be purified by t.l.c. due to
its lability on the adsortent z21d was immediately reacted further as

below.

Attempted Selective Acetalisation of the Keto-aldehyde (12)

The o1 (12) (400mg, ~lmmol) from the above ozonolysis, ethylene
glycol (70mg, 1.lmmol) and toluene-p-sulphonic acid (Smg) 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 0il (380mg), revealed the presence of two incompletely separated
components (Rf 0.5) and a preponderance of more polar material,
Preparative t.l.c. in ethyl acetate-petrol (1:3) with mudtiple elution
(X3) afforded 10mg of each compound conteminated wich a little cf +iie
other. The mor~ mocile band gave a keto-acetal (13) as an oil,

Y, 1712s, 1135s, 1095m, 1040m, and 945m, e t, ¥ 5.15(17,1,I5¢7)
and 6.08br (4¥,s), a2nd the more polar band gave a clear oil, possibly

-1
the diwcetal (15) with ))vax 1710vw, 1120s, 1040w, and 940w cw ~, T

5.15 (14,t,J5Hz) and 6.10br (€,3).

5 & -Cholesten-4-one (16) and 5 B ~Cholestan-4-one (17)

29

Hyérotoration of cholesti-4-ene by the meil.od of Jones gave a

mixiure (1:1) of (16) and (17), after oxidation of the intermediate
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alecohols with 8N Jones Reagent. The two isomeric ketones were

scparated by preparative t.l.c. in ethyl acetate-petrol (1:9).

q

5 & ~Cholestrn-4-one showed P 173153, 121Cm,; 935, and 90"m am_L,

T 9.1, 9.17, 9.26 ani 9,36, methyl rescnances, g.l.c. 1% QV-1 at
225°%, 2917 and 2975 (1:8). 5p -Cholestan-4-one had

> oy 17108, 1180w, 1165m, and 930m en™Y, ¥ 8.94, 9.15, 9.21, and
9.40, methyl resoncnces, g.l.c. 1% OV-1 at 225°, 2917 and 2975 (1:1).
The ahove mixture of ketones (16) and {17) wrns equilibratad to give
a mixtuve of (16) and (17), (9:1), by refluxing with 5% methanolie

potassium hydroxide solution, and this nixi.m was used without furtler

purification.

Baeyer-Villiger Oxidation of the Ketones (16) anc (17)

(i) Totrifluoroacetic anhydride (70mg, 0.3mmol) in dry methylene
chloride (2ml) stirred at 0° under nitrogen was added two drops of
’90% hydrogen peroxide. After stirring for 15 mia a solution of the
xetones (100mg, 0.26mmol) in methylene chloride (2ml) w~3 added
dropwise and stirrin~ continued for a further 2h. The reaction
mixture was diluted with methylene chloride and poured into aqueocus
sodium carbonate. =Hxtraction into methylene chloride gave a clear
0il {84mg) which showed ‘Dmax 3600-2500br, 1785s, 1740s, 1260s,
1250s, and 1035m em Y. Analytical t.l.c. in ethyl acetate-petrol (1:3)
showed the presence of two components Rt 0.5 and 0.05 in equal
proport .ons.

(ii) A =olution of peroxytrifluoroacetic acid was prepared by
carefu) addition of trifluorocacetic anhydride (10.2ml, 0.07mol) to
an ice~-cooled suspension of 90% hydrogen peroxide (L.6ml, 0.06mol)

in dry methylene chloride (10m1) under nitrogen. The resulting



solvtion was added over 30 min to a stirred suspension of anhydrous
disodjum hydrogen phesphate (16g) in dry methylene chloride (8C.al)
containing the setones (15,5g, 0.04mo0l). The solutions were Yept
under nitirogen at 0° during addition and for a ruriner 1h &t ihis
temperature before removing the ice bath and allowing to warm to

20° over 2h. The reaction was worked up az in (i) above to give a
mixture (9:1) of the lactones (19) and {70) {14.5g). Preparative
t.l.c. in ethyl acetate-petrol (1:3) afforded a pure sample of both,
The more polar hand gave 4,5-seco-cholectane-4,5B ~carbolactone (19)

)
m.p. 120-122° after sublimation at 180° and 0.7 torr,

max 1740s,
-3

1292s, 1278s, 1190s, 1110m, and 1035s cm ~, T5.87 (1H, o, limbs

at x 3 and * 10Hz), (Found: C, 80.4; H,11.4. CZTH4602 requires

C, 80.55;H,11.5%). The less polar band yielded

4,5-seco-cholestane-4,5L =-carholactone (20), purified by sublimation

at 170o and 0.1 torr, as a gum which showed )>m:x 1755s, 1300s, 1290s,
1280m, 1265m, 1165s, and 10658 cm Y, T 5.36 (1f,q, limb: =t ¥ 2 and
¥ 12Hz), (Found: C, 80.653 11,11.7%. Gy g0, Tecuires C, 80.55;

H,11.5%).

Hydrolysis of the Lactones (19) and (20)

Hydrolysis of the lactones was effected by stirring the lactones
. . 0
in 5% methanolic potassium hydroxide solution for 16h at 20", 'The
hydroxy--..ids (21) end (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
=1 N
y 3600--2500br, 1705s, 111Cw, and 1C75m cm —, T 4.94vr (2d,s,
may : ‘

exchangeable with DZO), and 6.40 (1H, unresolved multiplet).



Hydroxy-methyl esters (23) and (24)

The above gum was dissolved in ether and +re=ted with oxcess
ethereal diazowethane. The two compomentis in the nroduct wera

isclated by preparative t.l.c. in ethyl acetate-pesrol (1:3) to

give 4,5-seco-4-carhomethoxy-5 R ~lwvdzroxycnolesana (23) as a gum
which had .»max 2622w, 3550brw, 1738s; 1235s, 11%5s, 1169s, 1080m,
1040m, and S80w cm—l, Y 6.32 (3F,s) and 6.40 (1F,q, obscured by

. " +
signal at 6.327T), M' 434 (Calc. for 0?8}!5003: M, 434), and a more

mobile cor.pon.nt, 4,5-seco-4-carbomethoxv-5& =-hviroxycholestane (24)

as a gum with ))max 3625w, 3540brw, 1735s, 1235s, 1200s, 11é8s,

1055m and 995m cm"l, T 6.330r (4H,s), ¥ 434 (C2lc. for 028'.7:003: ¥, 434).

4,5-Seco-4~-carbomethoxy-5R -acetoxycholestane (25)
I

The hydroxy-methyl ester (23) (120mg, 0.27mmol) in anhydrous
pyridine (2ml) and acetic ¢_hydride {2ml) was kept at 20° for 17n.
Evaporation of the solvent in vacuo and purification by preparative

t.l.c. in ethyl acetate-petrol (3:7) yielded 4,5-sec.-¢ -carbome icny-

5B -acetoxycholestane (25) (95mg) as a gum which had ))max 1740sh,

. -1
173%0s, 1210bre, 1105s, 1020s, 1000sh, and 960m ecr ~, T 5.27 (1H,q,

limbs at & 4 ana ¥ 13 Hz), 6.34 (3H,s) and 7.98 (34,s),

(Found: C, 75.55; H 10.95. Cyfl,0, Tequires C, 75.65 H,11.0%).

4,5-Seco-4-carbomethoxy-5 & -acstoxycholestane (26)

In a similar manuer the hydroxy-es.er (24) (52mg) was converted
to the acetate (26), also a gum, whict showed i%ax 173%8s, 1240s, 1170m,
1015w, and 965w om ¥, T 5.20br (1E,s), 6.3% (3F,s), and 7.94 (3H,s),

(Found: €, 75.7; H,11.0. CyHs,0, raquires C, 75.63 H, 11.0%).
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~

The Tosylate (©8

p—g

3. \ "
The hydrexy-ester (23} (1g, 2.4m0l) and freshly crystallised
toluene~4-sulpronyl chloride (0.95:, fmmol) in the minimum or anhydrous
s _ . .0 - \ .
pyridine vere sct aside at 20 for 65h, The mixtvre was poured on 4o

iced-waltcr aid extracted with ether to give 4,5-seco-d-carhomethoxy—

Lj% —tosyloxycholestane (28) (1.25g, 90%). £ sample of the gurmy

torylaie, puritied by preparative t.l.c. in ethyl acetate-petrol (1:3)

showed ‘Dmax 1740s, 1180s, 1170s, 1095w, 965w, Y70m, 300m, and 890m
...1 . K] - .

cm ~, T 2,44 (4H, q, limhs at ¥ 16 and - ZHz), 5.50 (1H,q, limbs =zt

T 35 and ¥ 12 H2), 6.32 (34,s), and 7.56 (3H,s).

4,5~Seco~4-carbomethoxy-5 £ -tosyloxycholestane

Ry the above method, the hydroxy-ester (24) gove

4,5-seco-4-carbomethoxy-5 £ -tosyloxvcholestane in 65% yield which

showed pmax 1740s, 1180s, 1170s, and 900m cm_l, T 2.50 (AH,q, limbs at

¥ 16 ana ¥ 28 H2), 5.35vr (1H,s), 6.35(3H,s) and 7.33(sk,s).

Jones Oxidation of the hydroxy-es e (2%)

A solution of the hydroxy-ester (23) (100mg, 0.24mmol) in
acetone (5ml) was treated dropwise with 8N Jones Reagent at 0% til1
a red colour persisted in solution. Methanol (1ml) was added, the
mixture evaporated in vacuo, and the residue thoroughly extracted with

~thyl acetate to give 4,5-seco-4-carbomethcxy-5-oxocholestane (27)

(90mg, <0%) which was purified by preparative t.l.c. in ethyl
acetate-peirol (1:6) and showed ))max 1740s, 1710s, 1190s, 1165s,
1090m, and 950m cm“l, T 6.33% (3H,s), Mt 432.358320 (Cale. for

c 4%2.36032).

28H4803: M,
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ATTEMPTS TO FORM THEL OLBRIN-ESTER (29)

(i) By Dehydrution of the Hydroxy-scid (21)

The hydroxy-acid (21) (10me, 0.02%mmel) in anhydrous pyridine

\ O 3 . g 5 . . .
(Iml) at O wos treated with phosphoryl chloride (1 drop) for 30 min.
Quenching with water and extraction inio ethei gave a mixtuie (TmQ)
which was shown hy t.l.c. to consist of *wc compounds identified

as the lactone (19) and unreacted hyéroxy-acid.

(ii) By Dehydration of the Eydroxy-ester («))

The hydroxy—eéter (23) {(100mg} in anhydrous pyridine (%ml)
was treated with phosphoryl chloride at 66° for 20 win. Work up as
above gave a complex mixture from which was obtained an unidertified
methyl ester (15mg) by preparative t.l.c. in ethyl acetate-petrol (1:9)

which showed ))max 1740s, 1165s, and 890w cm~1,'t 6.34 (3H,s).

(iii) By Pyrolvsis of the hcetate (25)

(a) A 2m narrow bore silica tube, inosely vacked with glass wool,

was heated in an oven to 5700. 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 tnbe at 0.1 torr. A solution of the
anetate (25) (10mz) in chloroform (0.1ml) was injected and the material
which collected in the receiver examined by t.l.c. in ethyl acetetle-
petrol (2:9). This was shown to be principally unchanged acetate (25)

(by i.r. comparison) along with iwo more mobile compounds.,
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(b) A seuple of the acetzte (25) (50mz) was sublimed into the

py volysis tube from a small side arm and the product examined on t.l.cC..
The same two mehile componenis were present and prepavative i.1.-.
yielded a sample of Loth. The more mobile hand gave a gum (5mg)

which showed ‘D? 3010w, 1€40w, 910w, and 880m cm"], and the second
component a gum (20mg) had ‘Dmax 3010m, 1740s, 1640w, 1190m, 1145s,
and 890w cm’l, T 4.5% (1.81,q, limbs at £ 9 and & ?4‘Hz, the lower
field signals being broad and not well resolved), 5.30 (small signal
not resoived), and 6.%6 (31,s), ¥ 416 (Salc. for C,.H,.0.: M, 416),

2874872°

g.l.c. 1% 0v-1 at 225°, 19.5 and 21.25sh min, (C at 4.0,

24,26,28,32
7.25, 13.5, and 45 min respectively).

(¢c) "The pyrolysis tube was clamped vertically and a solution of

the acetate (25) (40mg) in benzene (Iml) introduced dropwise in a
flow of dry nitrogen. 'The product was collected in a cooled receiver
under the furnace which was maintained at 5400. After one pass
through the tube the mixture was shown by t.l.c. to be wimilar to that
obtained in (t) above. A further twn pacses of this mixture utilised
all the acetate present but increased substantially the proportion cf

the very mobile band. Total recovery after three passes was 25mg.

(iv) By Elimination of the Tosylate (28)

() On Alumina

The tosylate (28) (250mg) was stirred with neutral alumina,
grade T, (10g) in benzene-petrol (1:1) for 80h. Filtration and
repeaten extraction of the alumina with ethyl acetate gave unchangad
tosylate (150mg) and 30mg of a component identical on t.l.c. with

that obtained in (iii)(b) above.



(v) In Dimethvi Sulphoxide

The tosylate (28) (900me, 1.5mmol) in dry dimethylsulphoxide (5ml)
was maintained at 115o for 17h under nitrogen. Dilution with water
ané extraction into petrol gave a gum (560mg) which on examination
ry t.l.c. showed a band corresponding 1o the olicfin-ester from acetate
pvrolysis as the major product. This component was isolated Ly
preparative t.l.c. in ethyl acetate-petrol (1:9) and on g.l.c.,

19 0v-17 at 200°, showed peaks at 50.5, 54, and 58.5min (6:4:1).
Analytical t.l.c. on silver nitrate plates irn the same solvent showe:d
three hands which were incompletely separated. Preparative t.l.c.

" on 0.5mm silver nitrate plates with multipie elution (X4} yielded a

pure sample of the least mobile component, 4,5-seco-A-carbomethoxvcholest-

5-ene (29) as 2 gum which had *Dmax 3010m, 1740s, 1£40w, 1190m, 1165s,

1 4 4.55 (20,m, limbs at ¥ 10 and % 20 Bz, lowfield

and 890w cm
limbs further split by & 3Hz), 6.36(3H,s), and ~.75(2H,t,J7Hz).
Irradiation at 8.08 T reduced the multiplet at 4.55 T .o a quartet
with limbs at + 9 ard 20 Hz, gl.ec., “% 0v-17, 2000, 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. (Found: C, 80.8; H,11.6.

Cogiigg0p Tequires c, 80.7; H, 11.6%).

The middle band yielded a2 gum (115), still a mixture, which
showed ))maX 1740s, 1240m, 119Cs, and 116%s em Y, ¥ 4.95 (0.75H, 1,
poorly resolved), 5.37 (0.25W,d,J8Kz), 6.37 (3H,s), 7.67 (34,4,J3Hz)
end 8.3%br (2.54,s). Irradiation at 7.67 T resolved the signal at
4.95 T into a broad singlet, and irradiation ai 8.38 T produced a

sharper signal at 4.95 ¥ superimposed on a broad unresolved peak

from 5.84 - 6.04 ¥ . Irradiation at 4.95 T reduced the dounlet At
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7.67 T to a singlet end charpened the signal at 8.38 7T . G.l.c.
on 1% 0V-17 at 200° showed cne peak at 50,5 min corresponding to
the first peak in the wixture,

Elutivn of the most mobile hand yielded a ;sum (116), also a
mixture which showed Dmax17403’ 1250m, 1185s, end 11655 em ~, T
4.52br (0.8H, poorly rcsolved doublet?). 6.36 {(3H,s) and 8.40br (34,9),
g.l.c. 19 0V-17, 200°, peaks at 50.5 and 58.5 min (5:1), identical

with those in the mixture by co-injection.

(¢) In Dimethyl Sulphoxide with Foinssiwa 1- “utoxide

The tosylate (28) (10mg) and potassium t-butoxide (3mg) in dry
dimethyl sulphoxide (2ml) were kapt at 110° under nitrogen for 18h,
Work up as above and analytical t.l.c. on silver ni‘rate plates
showed the presence of two components correspoﬁding to (29) and (115);

g.1.c., 1% 0V-17, 200°, peaks at 50.5, 54 and 56.5 min (2:3:1).

(d) In Pyridine

The tosylate (10rg) in dry pyrisire (Inl) was refluxed for
6h. The product was isolated by extraction into ether and the olefinic
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.%, 54 and 58.5 min (1.5:3:1).

(e) Witk Sodium Acetate in Acetic Acid

The tosylate (10mg) and anhydrous sodium acetate (50mg) in
acetic acid (lml) were refluxed for 1.5h and the product isolated bty
ether extraction. 3ilver nitrate t.l.c. again showed (29) and (i15)

to be present; g.l.c., 1% ov-17, 2000, peaks at 50.5, 54, and

58.5 min (2.5:2:1).
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(f) 1In bimethylfornaride

A solution cf the tosylate (Z0mg) in dry dimethylformamide was
. . o} . : . .
maintained at 100" for ?24h under nitroger. ¥ork up as in (iv)(v)
ahove and silver nitrate i1.l.c. of the slafinic fraction showed the

same two bands as ahove and the suame peaks on g.l.c. (2:3.5:1).

(g) In Dimethylformamide with _ithium Promide and Lithium Carhonate

The tosylate (50mg, 0.085mmol), anhydrous lithium bromide
(J1mg, 0.12Smmol) and anhydrous lithium carbonate (13mg, 0.19mmol)
in dry din~thylformamide (5ml) were refluxed under nitrogen for 1lh
and worked up as before. Silver nitrate t.l.c. showed two bands as
before; g.l.c., 1% 0V-17, 200°, peaks at 5C.5, 54, and 58.5 min

(1.5:6:1).

(h) Repeat of (g)

The tosylate (10mg, 0.017mmol), anhydrous lithium kromide
(11 mg, 00128mm01) and anhydrous lithium carbonate (10mg, 0.135mm01)
in dry dimethylformamide (1ml) were stored at 120° for 3.5h, Silver
nitrate t.l.c. showed only one component identical with (29);

g.1.c.,1% ov-17, 200°, peaks at 50.5, 54, and 58.5 min (1:8:1).

(i) Optimm Conditions for Elimination

The tosylate (28) (600mg, 1.02mmol), anhydrous lithium bromide
(850mg, 10mmol) and anhydrous lithium carbona%e (150mg, 2mmol) in
dry dimethylformamide (12m1) were kept at 115o under nitrogen for
2h. The crude product was isolated by extraction into petirol #nd

filtered through a short column of neutral alumina (grade III)
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in benzene Lo give the desired olafin-ester (29) (250ms, 62%).

Gorecey 1% 07-17, 200°, peaks at 50.5 and 54 min (1:30) and

homogenecua ¢n silver nitrate t.l.c..

The Hydroxy-Olefin (32)

A solution of the olefin-ester (29) (14Cmg, 0.33mnmol) in dry
ether (4ml) was added dropwise to a stirred snspensidn of lithium
aluminium hydride (80mg, 2.lmmol) in dry ether {Sml) stirred at 0°
under nitrogen, and stirring contimuved “or = fvrther 30 min. Water
was cautiously added till the inorgenic salts coagulated, the etheres.
layer decanted, and the salts washed with = small portion of ether.

The combhined ethereal extracts yielded 4,5-seco-4-~hydroxycholest-5-ene (32)

as a gun (122mg, 94%) which was purified by preparntive t.l.c. in

ethyl acetate-petrol (3:17) and showed ‘»maxz636m, 3480brw, 3008m,
1652w, 1050brs, and 1030sh cm—l, T 4.54 (21I,m, limbs at tsg and t 18Hz,
lowfield limbs further split by 4Hz) and 6.38 (lh,t,J6Hz).

(Found: C, 83.4;H,12.65. requires C, 83.45; H, 12.45%).

327H480

The Olefin-Aldehyde (33)

Oxidation of the hydroxy-olefin (32) was carried out using
chromium trioxide in pyridine and methylene chloride according to
Radcliffe and Rodehurst7o. Yields were in the range 70-90% and *he

aldehyde, 4,5-seco-4-oxocholest-5-ene (33, purified by preparative

t.l.c. ir ethyl acetate-petrol (1:9) was isolated as a gum which had
-1 _
Y . 3010m, 2710m, 1730s, and 1655w em ~, T 0.3 (1H,t,J2rz) and
max
4.54 (2H,m, limbs at & 6 and = 22 Hz, lowfield limbs further split

by 4Hz). (Found: C, 83.95; H,12.2. C27H460 requires C, 83%.85; H,

12.0%).
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Acetelisalion of the Aldehyde (32}

The aldehyde (33) (1.13g, 2.92mmol), toluene-p~sulphonic acid {POme)
and excess ethylene glycol in renzene (25m1) vere Tefluxad for 3h with
continuous wiater separation. The soluticn was poured into aqueous
sodium hydrogen carbonate and extracted with ether. A sample of the

crude 4,5-seco-cholest-5-ene-4-:thvlene acetal (€) was purified by

preparative t.l.c. in ethyl acetate-petrol (1:9) and the gum showed

D,y 16527, 1135sh,1128s, 1060bTim, 955w, and 940m om™t, T

4.57 (2H,n. limbs at ¥ 7 and s 17 Hz, lowfield 1limbs further split

by S5Hz). (Found: C, 80.8; H, 11.65. 0, requires C, 80.9;

029H50
H, 11.7%).

Rearranged Aldehyde (34)

In the synthesis of one batch of the olefin-acetal, znalytical
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 (1:9) afforied a pure sannle

of the minor rcomponent, the oily asldehyde (34) which showed

»"Bx 3080w, 2775w, 1730s, 1630w, and 890m em Y, T 0.22 (1H,t,J2Hz),

5.32 (14,s), and 5.52 (1H,s). (Pound: C, 83.85; H, 12.2, CorHy O

requires C, 83.85; H, 12.0%).

Osmylation of (34)

The aldehyde (34) (30mg, 0.075mmol) and osmium tetroxide

(40mg, 0.16mmol) in dry benzene (3ml) were stored at 20° for A6h.
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The solutior was diluted with benzene and hydrogen sulphide bubbled
throush it for 5 min. Removal Af osmium suiphide by filtration and
rvaperation of the solvent in vacuo left a clear gun, consisting of
one major component. Preparative t,1,c. in echyl zcetale-petrol (1:9)
afforded this component, homogenecus onr t.1l.c., which showed
))maxll45m, 1120e, 1105s, 1083s, 1040m, 1025s, 1010m, 995m, 870m,
and 840s om Y, T 4.56 (1H,s,w, 4H2), 5.70 (0.74,d,J7Hz),
5.91 (0.3H,d,J7Hz), 6.74 (0.74,8,37Hz), and 6.87 (0.3H,d,J7Hz).
rradiation at 5.71 T reduces to a singlet the doublet at €.74 T
and simile.ly the doublet at 6.87 T collapses to a singlet on
irradiation at 5.91 ¢ . G.l.c., 1% OV-1, 2250, 2967: 3006 = 2:5,
G.c. - m.S. gives for the minor component, M' 402 (100), other
peaks at 387 (10), 384 (15), 372 (70), 357 (15), 327 (55), 288 (40),
248 (58) and 247 (85) and for the major component M+ 402 (83), other
peaks at 387 (11), 372 (81), 357 (32), 343 (1€), 327 (100), 314 (29),

301 (34), 247 (74) and 215 (61). (Calc. for Coiyg0pt M,y 40?).

Synthesis of the Olefin-acetal (8) from Cholesterol, General Procsdure

Cholesteuone (14) was prepared as describted and purified hy
crystallisation from methanol. Reduction of (14) (23g) with
dichloroaluminium hydride gave cholest-ij-ene (11) (20.5g, crude).
Without purification this was converted to a mixture of
5k -and 5@ -cholestan-4-ones (16) anda (17)-(9:1) (17g, cruic),
which was oxidised tu give the correspunding lactones (19) and (20)
which in turn were opened by basic hydrolysis to‘afford a mixture of
hydroxy-acids (21) and (22). These were separa’ed from residual
neutral material by partition between ether and agueous sodium

hydroxide and the resulting sticky gum methylated to give a mixture
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of the hydroxy-esters {23 and (24) (12g). 'osylation of this
mixture using a 2.5-fold excess of toluene-4-sulphonvl chloride in
pyridine gave the corvespeading tosylates and unrescted hydroxy-sster
(24) (16g, crude). Llimination of thre toaylaies was c¢ffected as
described and the crude product {9.5g) purified by filtration in
benzene throupgh a column of grade III neutral alumina to give the
olefin-ester (29) (5.1¢). Reduction of the oclefin-ester (29)
followed by oxidation and acetalisation gave the olefin-acetal (8)

(2.6g, 10% from cholestenone, 6% from cholesterol).

CYCLISATION OF THE CLEFIN-ACETAL (8)

(i) In Benzene

A solution of the olefin-acetal (0.3ml of a 0.023M solution
in benzene) and a solution of stannic chloride (O.3m1 of a 0.094M
solution in benzene) were mixed at 20° and kept for 3h., The reaction
was quenched by pouring it into dilute aqueous sodium ';ydrogen
carbonate and the product isolated .5 ether extraction. Analytical

t.l.c. showed only the original acetal.

(ii) In Nitromethane

A 0.02% solution of the olefin-acetal (8) in freshly distilled

nitromethzne and a 0.09M solution of stannic chloride in nitromethane

were prepared.
' . o
(a) Bqual volumes (0.2m1) of each solution were mixed at 20 and

kept for 40 min. Work up as above gave a complex mixture which was

not further invesiigated.
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(b) Admixture of the lefin-acetal solnbion (C.1ml) and stannic
chioride solution (0.2m1) for 15 sec at 20° before quenching cnd

work up gave a more promising mixture consisting of apparently four
major and several minor compcnents by analytical t.l.c.. G.l.c.,

1% Ov-1, 225 showed the presence of seven peaks at 2760, 2800, 2832,
2870, 2935, 23L6, and 3078 and g.c. - m.s. gave M’ 368, 368, 358, 386,
386, 420 and 428 respectively, further details are listed in Table (1).
The crude mixture was dissolved in dry pyridine (0.15m1) and treated
with hexamethyldisilazane (50mi) and tr.chlorosilane (10ml) at 40° fo-
lh. The mixture of T.M.S. ethers was isclated by ovaporation of the
solvent in vacuo and extracting the residuc with ether, A4nalytical
tfl.c.in ethyl acetate-petrol (1:9) showed the presence of three major
components and g.l.c., 1% OV-1, ?250 showed peaks &t 6.6, 10.7, 12.65,
and 26.25 min which on z.c¢. - m.s. showed Mf 458, 460, 502, and 502

respectively and full details are listed in Table {Z).

(iii) In Metbylene Chloride

Standard soluticas of the ol=Tin--cetal (8) and stannic chloride
were made up in freshly distilled methylene chloride (0.023M and 0.09M4

respectively).

(a) At Room Temperature

Equal volumes of the standard solutions (O.5m1) were mixed
at 20° fo. 1 min. Quenching and work up as bhefore gave a mixture,
with one major component as judged by t.1.c. and which showed
aldehydic adsorption in the i.r. spectrum, but which was a complex

mixture on g.l.c. znalysis and was not further investigated.



(v) At -78°

Baual volumes of ihe standard solutions (O.iml) weTe pracooled
to =78 refove mixing {or 1 min 2t —786. The usual worx vp gave a mixturs,
which on enalytical t.l.c. showed the presence of two components
sufficiently separated from the resi to allow an attempt at isolation.
wolece, 17.0V-1, 220°, showed peaks at 2832, 2870, 2935, 296€, and
3078 {1:3:4:%:2)., This procedure was repeated on a lareer scale
(5ml of sciution) and preparative t.i.c. in ethyl acetate-petrol (1:9)
allowed tre i-olation of one component (4mg), slightly impure, which
had i)max 3540, 3010sh, 1050s, and €90m cm_l, g.l.c., 2966, g.c. - m,.s.
gave M 430 (15) other peaks at 415 (5), 3638 (1C0), 353 (35), 255 (36),
229 (19) and 201 (55).

(¢) At -78° with Different Stoichiometry

A solution of stannic chloride in methylene chloride (2 ml of a
0.045M solution) cooled to —78o was ouickly added to a solution of the
olefin-acetsl (8) in methylene chloride (10ml of a 0.0C2 ™ solution)
at —780 and the reaction quenched as quickly as possibls. G.l.c.,

1% 0v-1, 2007, showed peaks at 2825, 2935, 2963 and 3078 (1:1:1.3:2),
Figure (18). Dy elution of the bands from analytical t.l.c. of this
mixture a correlation was ohtained retween t.l.c. and g.l.c. as

shown in Wignre (20).

Attempted Simplification of the Cyclisation Mixture

The crude mixture from cyclisation (b) (40mz) was dissolved in
dry pyridine (1ml) and toluene-4-sulphonyl chloride (60re) added.
After storage for 24h at 20o the crude product was isolated as

previously described. The crude tosylates (40mg) 2nd sodium iodide (100rz)
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in dry dimethoxyethane (4ml) were refluxed for 3C min when freshly
yurified zinc powder (SOmg) was added in small poriions andi the veflux
continued for a further 2h, Filtration of the mixture Tollowed by
extraction into ether afiorded a complex mixture which wss oxidised
with 8N Jones Reagent. Analytiral t.)l.c. of the produv‘_showed no
predominant’ component, and there was a veritahle plethora of peaks on

g.l.Co

(a) Preparative Cyclisations

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 (100mg, 0.23mmol) in methylene chloride (10ml) at -78%. After
30 sec the reaction was quenched and the product isolated as usual.
Preparative t.l.c. in ethyl acetate-petrol (1:9) afforded two slightly
impure components. Furthe. purificatiion of these samples by t.l.c.
bn 0.25mm plates gave a pure sample of each., The more mobile
component, the hydroxy-ether (38), a gum (lSmg) had )) 3530, “LhCn,

max

1645w, 1150w, 1098s, 1050s, 955m, and 890m cm—l, T 4.38 (%H,m, limbs

at ¥ 4 and ¥ .4 Hz, upfield limbs further split by 4Hz), 6.38br (4H,m),

6.54vr (1H,s), and 7.44 (1H,t,J6Hz, exchangeable with D,0).

Irrediation at 8.24 T remcves the 4Hz coupling from the upfield limbs

o

of the multiplet at 4.38 T. G.l.c., 1% OV-1, 2007, 29€6,

M* 430.3778 (Cale. for 0291{50 0, : M, 530.3811) other peaks at 415,

368, 353, 273, 255, 229, 228, 213, and 201. The more polar component

(16 mg) showed ) ax3630w, 3610sh, 1U50s, 1030sh, 1020s, 1C10sh, and
m

93m on™>, T 6.06br (IH,s,my 2077), 9.04, 9.12, 9.18 and 9.36

A0 . . .
(methyl resonances), g.l.c., 1% 0V-1, 2007, 2936 identical by co-

injection with authentic 4B -hydroxy-5B -cholestane (41),
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M~ 38.3700 (Calc. for C27h4@0 : ¥, 388.3705) other peaks at 373,

370, 355, 317, 287, 257, 248, 233, and 215.

Hydroger»tion of the llydroxy-cther (38)

(i) Paliadiom/Carbon/Hydrosen

The alcohol (38) (10mg) in dry ethyl acetate (Cml) and a
dispersion of 10% palladium on charcoal {5mg) were stirred under an
atmosphere of hydrogen for 2h. Filiration and evaporation of the
solvent in vacuo afforded a gum (9mg). Anelytical t.l.c. in
ethyl acetate-petrol (1:9) showed the presence of two components
(Rf 0.5 and 0.2) in approximately equal amounts which on g.l.c.,

1% 0v-1, 225° appeared as one peak, 3045.

(ii) Dpiimide

The alcohol (38) (5mg) and tosylhydrazine (40mg) in diglyme (1ml)
were refluxed for 3h under nitrogen. Analytical ..l.c. (f the product,
isolated by extraction inis ether. shnwed one component (Rf 0.5)

g.1.c., 1% 07-1, 225% peaks at 29C%, and 30.5 (1:9).

Cleavage of the [ -Hydroxy-ether

The saturated hydroxy-ether (5mg) produced by diimide reduction,
above, was converted to the corresponding tosylate under standard
conditions. The crude tosylate and scdium iodide (20mg) in dry
dimethoxrethane were refluxed ror 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 ))méx 3635sh, 3619w, 1215w, 1170m, 1005m, 96Em,
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3, N r -l
940sh, 94%s, and 900w om ~, g.l.c., 1% Ov-1, 225°, 2010 identical

by co-injection with a sample 0.' 4 &£ -—hydroxy-EF; -cholestane (39).

Oxijation of t.e Alcohol (41)

Standard Jones oxidation, as deseritcd previously, of the
alcohol (41) (€mg) afforded a Yetone (4mg) »max 1710s, 118Cm, 1165m,
108Cw, 105(‘;\1!, 94Csh, and 930m Cu—T, T 8.90, 9.12, 9.18 and 9,36,
(methyl resonances), g.l.c., 1% 0v-1, 200°, peaks at 2937, and

3000 (1:1; identical with 5,3 -cholestan-4-cne (17).

Lithium Aluminium Hydride Reduction of 5 & -Cholestan-4-one (16)

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 AP ~hydroxy-5 K =-choliestane
(45mg) m.p. 128-130° (1it., " 130-132°), ‘Dmax 3640m, 1170m, 1120m,
1060m, 990m, $60m, 930m and 865w cm-l, T 6.20br (1H,s,w_% 8Hz), 8.97,
9.08, 9.18, and 9.36, (methyl resonances), g.l.c., 1% 0v-1, 200°,

2950. M 388 (Calc. for G 0 : M, 388). The more polar band

27148
yielded 4 & ~hydroxy-5 & —cholestane (17mg) which had m.p.
185-187° (1it., '+ 186-187°), Y 3640m, 1065m, 1035s, 1030sh, and
945w cm’l, T 6.38br (lH,s,w% 20mMz), 9.06, 9.18, and 9.36, (methyl
resorances), g.l.c., 1% 0v-1, 200°, 2945. ¥ 388 (Calc. for

027H480 : M, 388).

Lithium Aluminjum Hydride Reduction of , B -Cholestan-d-one (17)

In a like manner, SF -cholestan-/4-one {17) gave on reduction
and separation of the mixture, a mobile component, 4 £ -hydroxy-5p -
cholestane (39) (31mg) which showed 'Dmax 3640sh, 3630w, 1215m, 1170m,

1155sh, 1005m, 970m, and 945s emt, T 6.00br (1H,3,w, 8Hz),



9.06, 9.17, and 9,35 {methyl resonrances), Z.l.c., 197 0V-1, ?COO,
S + £ pamn . ~ R -
o ! H 7 { e = - 3 ~
2905, M 388 {Calc. for L27L48u : ¥, %88), and a more polisx

coemponent, A.F -hydraxw{jﬁ -cholestane (41) (15:0g) wnich srowed

i)maxﬁé?Bm, 3604sh, 1050, 1030sh, 1020c, 1008m, ani 220m o~ -,

T 6.06br (lH,s,w% 20Hz), 9.03, 9.09, 2.19. and §.38 (methwl

resonancas), g.l.c., 1% 0v-1, 200°, 2035, wu' 383 (Czlec. for

027H480 : M, 388).

Lithivm Alvminium Deuteride Reduction of the Olefin-sster (29)

Reduction of the olefin-ester (29) as previously described geve

on purification 4,5-seco~4,4-dideunterio-i~hydroxycholest-S-ene (A49)

which had '9"m1:3630m, 5005m, 2185brw, 2085brw, 1640w, 11CCw, 960s
and 890w cm-l, T 4.58 (2lI,m, limhs at ¥ 8 and ¥ 1882, lowrield

limbs further split by 4Hz) M 390 (Calc. for CoqH, D0 & 3, 390).

Oxidation of the Dideuterio-alcohol {49)

Oxilation as described for the unlabelled alcotol (32) gave =

denterio-aldehyde (50) with ) 3010m, 2060m, 1715s, 1650w, 2Cunm,
and 955w em Y. T 4.53 (24,m, limbs at ¥ 7 and ¥ 2/ Hz lowield limbs

further split by CHz), M' 387 (Calc. for Cyrl,sD0 = M, 387).

Acetalisation of the Deuterio-aldehvde (50)

Acetalisation under comititions described for the aldenyde (33)

afforded 4,5-seco-4-deuteriocholest-"-ene-4-ethvlene acetal (51) which

. ; -1
had."ﬁHmJZBOlom, 2090w, 1652w, 1205m, 1060s, and 940w ecm ~, T
4.53% (2H,m, limbs at = 6 and ¥ 23 Hz, lowfield limbs further split
by 8llz) and 6.09vr {AH,m), Mt 431 (caic. for C?QH49DO2 : M, 431

>'97% d; by comparison with unlabelled acetal (8)).
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Cvclisation of ihe Deunerio-acetsl (R})

Cyclisation of the 4-deuteric-zcetal (51)(9Smg) as abore zave.

o et at o .- v .
aiiver purification by t.l.c. a mobile componeni, the deunterio-rvdroxy-

. . fcn’ o, . N . -
ether {521 (lumg) as n gum with Y .. 3530m, 30i0m, 2110w, 1645, 1290m,

1160w, 1135, 111%9sh, 10%4s, 1050s, 970w and 955w cm'l, T
4.34 (2H,m, limbs at : 4 and s 14z, highfield limhs further split
bty 4Hz), 6.14br (4H,m) and 7.42br (1M, uwaresolved, exchangeable with

D,0), " 431 (Calc. for C : B, 4515 >96% &) by comparison

v
2549702

with unlabelled material (38)). The mo‘e polar component

4 £ -deuterio-4 B ~hydroxy-5 B -cnclesiane (53) (i%mg) showed

9me 3628w, 3605sh, 2140w, 1100m, 1070sh, 1055s, 1020m, 940sh, and
930s cm'l, T 9.05, 9.11, 9.17, and 9.35 (methyl zesonances), M’ 389

Calc. for C DO : M, 387; >98% d, by comparisor with authentic

27847
unlabelled material (41)).

Allylic Oxidation of the Olefin-Ester (29)

46

(i) with h=bromosuccirin-de

The olefin-ester {29} (22mg, U.uU53mmol,, N-bromosuccinimide (50mg)
and calcium carbonste (20mg) in dioxan (2ml) containing water (2 drops)
was irradiated for 4h at ?_Oo with a standard 60W desk lamp, and the
product isolated by extraction into ether. Analytical t.l.c. showed
*he presence of (29) and two more polar components in the mixture,
Preparative t.l.c. in ethyl aceciate-petrol (1:3) yielded a

bromo-keto-ester (55) (10mg) which showed »mav 1740s, 1720s, 1275s,

, -1 .
1255m, 1240m, 1190s, 1160s, and 925% cm —, T 6.10br (1H,s), 6.42 (3H,s)
and 7.76br (2H,d,J6Hz), M' 512 and 510, other peaks at 497, 495, 481,
479, 431, 411, 409, 399, 385, 331, and 277 (Cale. for

: &. 0). The second more polar component
Coglly70587 + M, 512 snd 510) )
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an zlcohol (56; (4az) showed ’ﬁw,x 5620m, 35CCorw, 1740s, 1278,
e ; -] .

21%5s, 1035m, and 985m com y which on treatment vwith 8N uonaes

Reagent gave ihe hromo-¥eio-estec (55) as the oniv produc:

Sy o . (2
(ii) wiih Anhydrcus Sodium Chromate/

The olefin-ester (29) (40 mg, 0.96mmol) and anhydrous sodium
chromate (i60mg, lmmol) in a m’ xture of acetic acid (4m1) and
acetic anhydride (2ml) were stored at 40O for 24h, when a further
portion ot scdium chromate (160mg) was added. After standing for
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 o0il in ethyl
acetate-petrol (1:4) gave the olefin-ester (29) (10mg) as the most
mobile component followed by the enone-ester (54) (58mz), an oil
which showed :Dmax3020m, 1740s, 1680s, 1260brm, 1196s, and 1172s cm_l,
 3.49 (Li,d,J9%z), 4.20 (1¥,d,J1052), 6.38 (3H,s) and 7.76 (2H,
unresolved), gel.Coy 1% 0v-1, 2250, 3175. (Pound: C, 77.9; H,10.=7.
¢..H, .0, resvires C, 78.1; H, 10.75%). Just separate from this band

287463
was the enone-ester (57)(12mg) which showed )>maxsozom, 1740s, 1675s,

' -1 .
1270m, 1230s, 1190s, 1170s, and 11C5m em ~, ¥ 3.21 (1%,d,J18Hz,
each limb further spiit by 1.5Hz), 3.77 (1H,d,J18Hz, each limb further
. O
split by 3Hz). and 6.34 (3H,s), g.l.c., 1% 0V=1, 2257, 3152

(Found: C, 77.9; B, 10.9. Cpgli,O5 rusuires C, 78.1; H, 10.75%).
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Deuterolysis of the Fnane (54)

Tieatment of {he enone-ester (54) (90mg) wi*h 1ithium zluminium
deutervide &nd aluminium itrichloride as described in Far: IT afforded

ﬁ.5~seco—4,4,7,7—tetradeuterj0—4»Bydroxxcholest55—ene '=8) (70mg)

which had )>max 3640n, 3550-315%brw, 3010m, 218Cw, 2085w, 1640w,
_ ~ . R . =1
1165m, 1110m, 1090%rm, 950s and 555m em , T 4.51 (2H,a, limbs at
T 7 and ¥ 21uz), ' 392 {Calc. for C,H, DO : ¥, 392; > 95¢ @
e ' By A7 b R A IR S
by comparison with unlabelled alcohol (32)).

Oxidation of the Tetradeuterio-hydroxy-olefin (£8)

Oxidation as described for the unlabelled zlcohol (32) gave a

trideuterio-aldehyde (59) which had M" 389 (Calc. for

CoH 431)30 : M, 389; >95¢ d; by comparison with unlabelled aldehyde (33).

Acetalisation of the Trideuterio-Aldehyde (59)

Standard acetalisation afforded 4,5-seco-4,7,7-trideuteriocholest-

5-ene-4-ethylene acetal (60) which showed ))max 3010, 168w, 2C~5~, 1545w,

1265m, 1215w, 1200s, 1170m, 1060s, and 890m cm *, T 4.54 (2H,q, 1limbs
at ¥ 3 and ¥ 21H2) and 6.09br (4E,m), M" 433 (Cale. for

C,.H 0, : M : 7 3. by comparison with unlabelled acetal (8)).
2qHiy7D30p ¢ My 4333 > 957 dg by comp )

Cyclisation of the Trideuterio-olefin-zcetal (60)

The acetal (60) (SOmg) gave on preparative cyclisation & before

a dideuterio~hvdroxy-cther (61) (15mg), a4 gum which showed

Y .. 3530m, 3012w, 2235w, 2110w, 163w, 1290m, 1260w, 1160m, 1130m,

1120m, 1095s, 1055s, and 895m em™ Y, T 4.43 (17,4,J3Hz), 6.36br (4H,s),
. +

and T.44br (1H, exchangeable with DZO), M 432 (Calc. for

029H48D209 s M, 4323 > 95% d, by comparison with unlabelled material (38)).
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The more polar component, the trideuterio-alcchel (6?) (11mg) showed

D oy 5625w, 3600sh, 2180w, 2135w, 2100w, 1165m, 1090w, 1075m, 1050sh,

10453, 1020m, 1010m, and 940m cmhl, T 9.04, 9.11, 9.17, and ¢ 37
(methyl resonances), M o391 (Calc. for 027H45D30 : M, 391; > 96% a}

by comparison with unlabelled alcohol (41)).

Tithium Aluminium Hydride Reduction of the Enone-ester (54)

Standard reducing conditions afforded a two componeni mixture in
which one product predominated. Preparative t.,l.c. in ethyl acetate-

petrol (2:3) afforded a pure sample of tiie o=jor component,

4,5—seoo—4,7§ -dihydroxycholest-5-ene (63) (657 yield from (54)),
m.p. 121-123°, Y 3640m, 3608m, 3010w, and 16404 em, X

4.51 (2H,q, limbs at £ 1 and ¥ 11¥z), 6.14 (1H,d, J6Hz), and

6.37 (2H,t,J6Hz), MT 404 (100), other peaks at 389 (16), 386 (36),
371 (16), 334 (27), 331 (60), 315 (22), 313 (63), 290 (23) and

219 (37) (Calec. for C : M, 404).

27148%

Deuterolysis of the Iic' (63)

Deuteroclysis of the diol (63) (78mg) as described in Part IT
afforded a deuterated-alcohol (64) (59mg) which showed
Y 3638m, 3008m, 2155w, 2115w, 1650w, and 1120s em™,
4.51 (2H,q, limbs at Y 8 and ¥ 18Hz, lowfield limbs broad), and
6.16 (2H,t,J6Nz), M* 389 (Calc. for 027H47D0 : M, 3893 > 98% dq
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 sclution for 24h. The product was recovered by
extraction into ether and shown tc be unchanged olefin-acet=l.

In another experiment a similar solution was irradiated with
a high precsure Hanovia ultra-violet lamp but this resulted in
decolouris=tion of the solution after 30 min and again the olefin-

acetal was, recovered unchanged.

7L - and 7[3 -Deuteriocholesterol (71) and {£5)

Both compounds were prepared as de.cri-ed in Part II and the

7 K -deuteriocholesterol (71) (Y97 dl) was shown to he 82.5% 7&K -u,

17.54 7B -d. The TR -deuteriocholesterol (65) ( > 97% dl) had
!
97% 1 3 -d.

7B -Deuterio-acetal (66)
!

This was prepared by synthesis from 7F, ~deuteriocholesterol (65)
by the route described for unlabelled acetal (8, and showed
))max 3010m, 2155w, 1650w, 1140sh, 1130s, 1050sh, 103ts, and 940 cm-l
T 4.54 (2H,q, limbs at ¥ 7 and X 1787, lowfield limbs Wy = 2Hz,
highfield limbs wy = 3Hz), 5.18 (1H,t,J4Hz), and 6.12br (4H,m),

M 431 (Calc. for CoglygP0y & My 431).

Cyclisation of the 7B -Deuterio-acetal (66)
o

Under the previously described conditions the 7F -deuterio-
acetal (66) afforded a deuterated-hydroxy-olefin (67) which showed
Y_, 3540m, 3010m, 2230w, 1630w, 1150m, 1095s, 10503, 955m, and
900m en™Y, 7 4.46vr (1H,d,J4Hz), 6.40br (4H,m), 6.56br (1H,s) and

+
7. 4“*'01 (1H,s, exchangeable with D,0), M' 431 (Calc. for
2 4 DO, : M, 431; > 96% d) by comparison with unlabelled
9 9 :

DU H .[ﬁ, GDILi /S UM Uqg VY CWINPAL VAL Tl Uas GesasTy s
Cag'49Y% “1

hydroxy-ether (38)).
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Brosylation of the Hydcoxy-clefir (22)

The hydroxy-oletin (32) (80mg, 0.21mmol) and 4-bromo-henzenesulphoryl
chloride (100m;, 0.39mmol) in dry pyridine (Iml) were stored at ¢° for
12h. The brosylate (70) (1i1lmg, 87Y) issiated by ether axtraction and
purified by t.l.c. in ethyl acetate-peirol (1:9) as a mum showed
'9max 3010m, 1820w, 1650w, 1270m, 11858, 1175s, 1095s, 1068s, 1010s,
960s, and 940s cm ~, U 2.28 (4H,s), 4.59 (2H,m, limbs at * 11 and

ha 21Hz, lcwfield limbs further split by SHZ).

Solvolysis of the Brosylate (70)

(i) At reflux

The brosylate (70) (22mg) and urea (4mg) in 2,2,2-trifluoroethancl
(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 som- much more polar components. Preparative
t.l.c. afforded a sample (3mzg) of the mobile band. G.l.c., 1% OV-1,
225°, of this sample showed peaks at 4.6€0 and 5.5 mi= (£:1)
(c.f. cholestane, 5 L -cholest-6-ene, and 5 ﬁ -cholcst-6-ene at 5.9,

5.5 and 4.65 r1:ing at 1.9, 3.45 and 6.05 min respectively).

¥24,26,28

(ii) In a Sealed Tube

The brosylate (70) (42mg) and urea (Bmg) in tfifluoroethﬂnol (5W1)
were sealed in a glass tube ar? kept at 105 #50 for 40h. Isoiation of
the product as ahove gave a sample of the mobile component (4mg).
G.l.c., 17 0V-1, 225° showed peaks at 2.5, 3.2 and 4.6 min (1:1.5:16).
The pezk at 4.6 min was identified asfSﬁ ~cholest-6-ene by
co~injiection with an authenticvsample and by comparison of their mass

spectra obtained by g.c. = m.8.



7K —Deuteriohroey}g}g_(73)

The sample of 7 & -deuteriosholestercl (71) was converted to

4,%5-seco-7 & ~deuterion-4-hvdroxycholest-5-ene (72) as previously

described. The alcohol (72) bad T 4.52 (2H,m, limhs at & 10 ond
¥ 20Hz, lowfield limhs further split by S5Hz), Kt 389 (Calc. fov
] s M Qs Io} 7’
027H47D0 M, 389; >977 d

and was converted to the 7o -deu‘erio-brosylate (73) as above.

by comparison with unlabelled alcohol (32)),

Solvolysis of the 7« -deuterichrosylate (73)

The 7.7 -deuterio-brosylate (73) (30mg) and urea (8mg) in

trifluoroethanol (3.5m1) were sealed in a glass tuhe and kept at
105 iSO for 40h. Work up as before and chromatography gave the
hydrocarbon fraction (3mg), which on g.l.c., 1% 0v-1, 2000, was one
peak identical by co-injection with 5 F -cholest-6-ene. G.c. - m.s.
gave M1 370 (100) other peaks at 355 (42), 301 (8), 274 (60), 257 (66),
247 (26), and 215 (66), isotopic ratio 370:371 = 79:39 (average of
5 scans),

.. Relative size of d; contribution = 39 - 29.7% of 79 = 17.%

. e . _ . . - o,
.. Butio do'dl = 79:15.5, U d1 16,5

Authenticfip —cholest-6-ene showed M' 370 (100), 355 (44), 301 {6),

274 (62), 257 (€8), 247 (30), and 215 (62).



ROUTES TO THE 10 £ -VETHYL ACTTAL (80)

Cholesta 1,4-dienone (6&1)

Cholestenone (15z, 4mmol) and 2,3-dichlorc-5,6-dicyano-1,4~-
benzoguinoné (12g, 5.2mmol) wer: refluxed in dry tenzene (600ml) for
20h. Piltration of the crude sclution and evaporation of the solvent
in vacuo aforded a dark red gum Trom which was obtained cholesta-1,4-
dienone (1°.5g, 83%), m.p. 114-115° (1it.,53 111-112°) by filtration

of the gum through grade H alumina in petrol-benzene (1:4).

Ozonolysis of Cholesta-1,4-dienone

(1) In Acetic acid/Ethyl acetate

Ozone-enriched oxygen was bubbled through a solution of the
dienone (81) (300mg) in acetic acid (3ml) and ethyl acetate (3ml)
at 0° for 1h, at which point t.l.c. showed the absence of starting
material., KExcess ozone was discharged from solution by passage ¢!
nitrogen, and *he mixture poured into aqueous sodium hydroxide con-
taining 30% hydrogen peroxide (5 drops). After stirring thoroughly
for 15 min the neutral products (150mg) were extracted into ether.
Acidification of the remaining aqueous solution and reextraction
into ether afforded acidic proaucts (142mg). . Preparative t.l.c.
of the neutral components in ethyl ace‘ate-petrol (3:17) gzve a

keto-aldehyde (86) (72mg) m.p. 110-112" with softening at 103° which

showed Dmax 2710w, 173%8s, 1705s, 1315w, 1075m, anrd 940m cm-l, T
0.53 (1H,s), 8.70 (3H,s), 9.09, 9.18, and 9.24 (meihyl resonances),

M* 360 (calc. for CpgyqQp * ¥» 360) other peaks at 545, 342, 327,



T4

275, 2?47, and 2239, Methylalion of the acidic fractinn with ethereal
diazomethane gave after preparecive t.l.c. in ethyl acetate-petrcl (1:3)
2 sample of a keto-ester (118) (22mg) as a gum whizh hed

Y ¥ 1725-1715s, 12(%s, 1240sh, 1205m, 1185m, 11€Zs, 1100s, 101%m,

ma.
and 000w cm‘l, T ¢.33 (3H,s), 8.12 {33,s), 9.09, 9.18, and 9,36
(methyl resonances), R+ 390 (Cile. for 025}!4203 HRAN 390) other peaks
at 372, 35§, 331, 313, 303, 30z, 285, 2€0, and 247. A further two
attempts to reproduce the yields in this reaction failed, although

small amow.ls of (86) and (118) could be detected by t.l.c. of the

mixtures (»tained,

Attempted Deformvlation of the Keto-aldehyde (86)

The keto-aldehyde (86) (50mg) was refluxed in 5Y methanolic
potassium hydroxide for 3h. The product was isolated by extraction
into ether and preparative t.l.c. in ethyl acetate-petrol (1:9)
afforded a sample of Inhoffen Ketone (82) (6mg) as a gum which
crystallised slowly on standing at 0° and which had M. P, 44-480
(1it.,? 52°), Y 1712s, 1275w, 1180m, 1150m, 95Cw snd 910w o,

T 8.94, 9.68. 9.17, and 9.23 (methyl resonances). The remainder

of the product cuusisted of more polar material which was not

investigated.

Attempted Decarhoxyletion of +ie Keto-acid (87)

The crude acidic fraction from ozonolysis of the dienone (81)
was refluxed in 104 meihanolic potassium hydroxide for 4h, but this

resulted in formation of only a small gquantity of Inhoffen Xetone as

judged by t.l.c..



Ozonolysis of the Tienone (81)

(ii) In Bthyl acetate at -78°

Ozonolysis of (81) {100mg) in ethyl acetats (Imi) a2t —780
for 5 min 1:¢d ito formation of a2 mobile compounent on t.l.c. and
complete consumption of (81). Excess ozone was discharged by passage
o. nitrogeﬁ and the solvent evaporated in vacuo to leave a semi-solid
mass. Preparative t.l.c. in ethyl acetate-petrol (1:4) gove tne
ozonide (89) (20mg) m.p. 114-118° which <howed Xkax 3020w, 1805m,
1685s, 1615m, 1315m, 1270m, 1190m, 1110sti, L100s, 980w, 955w, and
915m cm‘l, j)max (cyclohexane) 780z, 760sh cm_l, T 4.06 (1H,s),
4.18 (14,d,J2Hz), 4.69 (1H,s), and 8.85 (3H,s), ¥ {20ev) 430

(Cale. for C M, 430) other peaks at 414, 402, 384, 369, 332,

27H4?O4 :
302, 271, 247, and 245.

Decompositicn of the Ozonide (89)

The oxonide (89), obtained as above from the diencrz (81) (100ms)
was not isolated but dissolved dizectly in acetic acid and refluxed
for 30 min. The crude product, isolated by extraction into ether was
purified by crystallisation from ether-ethyl acetate to give the
unsaturated keto-acid (88) (38mg) as white crystals m.p. 203-206°
(1it., 206—20?5 and showed »max 3580w, 3500-2500br, 1720-1700s, 1110m,
and 965s cm’l, ~ 3.32 (1H,d, S10Hz), 4.07 (1H,d, J10Hz), and 6.15br
(1H,s, exchangeable with D20)> The corresponding ester (90) was
obtained by methylation of the acid (88) with ethereal diazomethane
aﬁd after vurification by preparative t.l.c., the gummy solid showed
) 30]5w, 1715brs. 1630m, 1200s, 1170s, 1080w, 1000w, and 950w cm-l,

max
~* 3.8l (1H,d, J12Hz), 4.09 (1H,d, J12Hz), and 6.35 (3H,s).
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Ozonolysis of the Ester (90)

The ester (90) (10mg) in ethyl acetate (1m]).at -78° was
ozonised us descrited above for lh., Analytical t.l.c. of the pioduct
obtained v refluxing the crude ozonide in acetic acid, followed vy
methylation, showed the presence of the ester (30) as the principal

prroduct with trace amounts of Inhoffen Ketcne (82) and keto-ester (118).

Attempted Osmylation of the Unsaturated Keto-ester (90)

In a typical experiment the ester (9C) (120mg) and osmium
tetroxide (25mg) in tetrahydrofuran (5ml} we.c stirred during additio.
of a solution of sodium periodate (220mg) in water (Iml). After

setting aside for 24h the ester (90) was recoverei unchanged.

Attempted Oxidation of the Dienone (81) with Rutherium Tetroxide

The dienone (300mg) in acetone (20ml) was added to a suspension
of ruthenium dioxide (20mg) in acetone (20ml) fo:lowed by a solution
of sodium periodate (700mg) in water (2m1). A further i.5g of sodium
periodate was added s a solution in the minimum volume of acetone-
water (1:1) over a period of 4h. Methanol was added and the solution
filtered and concentrated in vacuo hefore 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 nsutral fraction produced.
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Rearrangement of the Dienone (81)

A solution of the dienone (81) (2.5¢) and concentrated sulphuric
acid (1g) in acetic anhydride (70ml) was kept at 20 fox 3h., The
product was isolated by cerefully poiring the solution into 4597
agueous potassium hydroxide solution followed by ether extraciion
to give the acelate (91), which was not purified but dissolved in
590 melhanolic potassium hydroxide and stirred for 17h. BExtraction
into ether and recrystallisation from methanol afforded the phenol (94)
(2.08), m.m. 144-146° (1it.,”” 145-146°) which showed Y . 3620s,
3080w, 1585m, 1300s, 1270m, 1260m, 1220m, 1180m, 1155s, 1025m, 9€0w,
940w and 850w cm'l, T 3.15 (1H,d, J4Ez), 3.55 (14,4, J4Hz),

5.50 (14,s), and 7.88 (3H,s).

Methylation of the Phenol (94)

To the phenol (94) (2¢) in 95% ethanol (60ml) was added
cautiously 60% aqueous sodium hydroxide (7ml) followed by dimethyl-
sulphate (10ml). A further three portions of sodium hvc:oxide solution
and dimethylsulphate were added alternately. The solutien was Gil.ed
with water and extracted into ether to give the methyl-ether (92)(1.8g)

m.p. 104-106° (1it.,73 104-105°) after recrystallisation from methanol.

Reduction of the Methvl-Ether (92)

(i) A solution of the methyl-cther (1g) in dry tetrahydrofuran (70m1)
was slowly added to redistilled liquic ammonia (70m1). Portions of
lithium metal (270mg in tptal) were added and the resultant deep blue
solution stirred for 1.5h. The reactiion was quenched by careful
addition of absolute ethanol and the amnonia allowed to evaporate.

Ethereal extraction of the residue afforded unchanged methyl-ether (92).
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(ii) To o soluiion of ihe methyl-ether (92) (lg) in anhydrous
e.nylamine (100ml) and t~amyl alcohol (12ml) was added lithium (1.1lg)
in portions over 15 min. The reaction mixture was stirred for a
further 1.5h aud then cuenched and worked up 2¢ in (i) to give,

efter filtzation of the crude product in petrol ihrough grade ¥
7Jumina, the olefin (93) (780mg) as a semi-crystaliine zolid which

s nowed. ‘vm;x 2950s, 2880s, 1470s, and 1380s cm_l, < 9.09, 9.18, and

9.33 (methyl resonances), M' 370 (Calc. for Cyllyg t My 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 (SOmg « The solution was stirred fcr 15 min when the
lithium dissolved to produce a dark green solution Lo which was added
dropwise a solution of the dienone (81) (750mg) in dry tetrahydrofuran
at a rate such that the green colour of the solition was maintained.
The solution was refluxed for a further 30 min, cooled, and methanol
(1.5m1) followed by water (2ml) cavtiouily 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
pherol had m.p. 119-120° (1it., # 113-114°) and showed D 3620s,
3060w, 1610w, 1500m, 1280m, 1240m, 1175s, 11%50m, 925w, and 915w cm_l,

t 2.87 (14,4, J9Hz), 3.40 (1I,d, J9Hz, lowfield limb further split
by 2Hz). 3.46 (1H,s, superimpcsed on highfield limb of doublet),

4.66br (1H, exchangeable with D2O) and T.23tr (2H).
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Reduction of the Phenol (96)

A solution of the phenol (96) (150mg, 0.4mmol) in ary
wetrehydrefuran (15ml) wes added to redistilled licuid a-monia

} addz1 in small

(30r1) and lithium (1.25¢, to give a 4.5 solntion
portions. A two-phase system (bionze and wlue) develownesd and
stirring was continued for a further 1h when absolute ethanol (5m1)
was cautiously esdded. After a further lh sufficient ahsolute ethanol

was added to quench the reaction and the product isolated as tefore.

The sole product, the hydroxy-olefin (97)(130mg) was purified hy

preparative t.l.c. to give a gum which slowly solidified and showed
))max 3630m, 1040s, and 955w cm—l, T 6.35br (1H,s) and 8.12br

(~7H, allylic -CH-), M 372 (Calc. for C 0 : M, 372) other

26744
peaks at 370, 354, 339, 294, 241, and 215.

Attempted Methylenation of the Hydroxy-olefin (97)

61,62
Following the method of Ginsig and Cross ’

y methylene icdide
(1.35g, 5.02mmol) was added to freshly prepared zinc/covner couple
(0.42g, 6.4mmol) in dry ether (4ml) and the mixture refluxed fov

10 min. The hdroxy-olefin (97) (100mg, 0.27mmol) in dry ether (1ml)
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 (Iml) added. The tube
was sealed and maintained at 550 for 3h. Isolation of the product

by extraction into ether gave a complex mixture on t.l.c., £lution
of a band corresponding to (97) on preparative t.l.c. was shown to be

a mixture of two closely spaced components on resxamination by

analytical t.l.c.. Separation of these components could not be
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achieved by furihor t.l.c. but the mixture showed 'ﬁmak 3620m, 3050m,
1040s, and 940m cm‘l, T 6.400r (1H,s), 9.42 (0.4F,d, J4Hz), and
.71 (0.4R,d, J4¥z). A further six attempts to repeat the yields
obtained by Ginsig and Crees failed to improve the product ratio

obtained zhove,

Attempted o-Alkyiation of the Hydroxy-olefin (97)

(i) The hydroxv-olefin (97)(1.1z, 3mmol) and sodium hydride (80mg,
3.3mmol) in dry ether (10ml) were stirred at 20° for 17h while ethylene
oxide was alluwed to bubble through the solution. No reaction was

detectable by t.l.c..

(ii) The hydroxy-olefin (37Cmg, lmmol) and sodium hydride (27mg.
l1.1lmmol) in dry dimethoxyethane (10ml) were refluxed for lh. A
solution of the dihydropyranyl ether of ethylene glycol monotcsylate
(320mg, 1l.lmmole) in dry d%-ethoxyethane (10m1) was added dropwise
over 5 min and the solution refluxed for 17h, and again no reaction

ensued. A similar experiment at 20° also showed no nrccucts other

than (97).

(iii) The hydiuvaj-olefin (40mg, 0.lmmol) and sodium hydride (10mg,
0.5mmol) in dry dimethoxyethane (3nl) were treated with
p -propiolactone (10mg, 0.15mmol) at 20° for 1h. No simple new

products were discernible but nolymeric material was produced,

(iv) To a solution of the hydroxy-olefin (97) (1.1g, 3mmol) in
toluene (12m1) at reflux was added trfethylamine (2 drops) followed
by dropwise addition of freshly distilled diketene (0.3m1) and the

reaction maintained at reflux for 1.5h. Isolation of the crude
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product by eiher extrzction gave an oily ?-4vﬂxwesher (99) (1.4g)

as the sole preduct i)max (?iﬁm) 17408, 17203, 1650m, 13?5m, 1245s,
1160c, 1040s, 1000m, and 750m cm L. The crude B -keto-ester (99)(1.4¢)
wazs dissolved in etharal-cther (1:1) (2571) and added to a suspension
of sodium borohydride (100mg) in cthonol (10ml)., The mixture was
gtirred for 10 min, and the excess borohydride decomposed with dilute

mineral acid before isolating he gummy hvdroxy-ester (100) (1.25g)

by extraction into etiher. The hydroxy-ester showed \pmax (£ilm)

3600 - 260vbrs, 1730s, 1190s, 1085s, 1005s, 950m, and 740w cmnl.

Attempted Simmons-Smith Methylenztion of the Hydroxy-ester (100

The hydroxy-ester (100) (130mg, O.BBmmol) was treated with
zinc/copper couple (340mg, Smmol) and methylene iodide (670mg,
75

2.5mm01) according to Rawson and Harrison <. After reflux for

17h no reaction had ensued@ and the hydroxy-ester was recovered,
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PART II

Reductions with Chioroaluninium Hydrides
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INTRODUCTICH AND DISCUSSION

A et
v mar. - — s —

Oince its introduction in 19471 as a reducing agent for organir
compounds, lithium aluminium hydride has proved to have widespread
utility. Over the past twenty-six years varicus means have been
sought to zlter the selectivity and steriospecificiiy of the reagent.
One of the most common has been by feaction with various alcohols or
esters to produce lithium alkovyaluminivm hvdrides of differing
stoichiometries and these have found epplication in improving the
sterioselectivity of ketone reductions and in syntheses ol compounds
which would normally react further with lithium aluminium hydride, as
in the formation of aldehydes from acid chlorides2 or frem nitrilesB.

A particularly fruitful modification of the reagent has been
achieved by reaction with group IIIb metal halid:s and in particular
with boron trifluoride and alwninium trichloride. The former reaction
provides a convenient means of gene-atinst diborane and the latter
combination, of much synthetic utility, has found application in the
hydrogenolysis of acetals, ethers, and allylic alcohols, aﬁd in the
epimerisation 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 wher lithium aluminium hydride
is mixe¢ with aluminium trichloride is still not completely resolved.
Conductivity studies of ethereal solutions of lithium aluminium hydride

4

and alwsinium trichloride led BEvans’ to suggest the following sperics

in solution:-
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1T T . ! + .-
L1L1H4 + QLLLlB——ﬁ LiC* 4 A12015 + Alh4 .

LiAlH, + 41,01, 7 + AIH, — LiCl + 4A1% .01
4 2 5 4 A

LiAlY, + ALE. 01 —— LiCl + 2AlK..
4 2 . 3

The presence of dichlorcaluminium nydriie in solution was disccunted
by Evans but Ashby and Prathers have demonstrated zluminium hydride,
dichloroaluﬁinium hydride, and nonochloroaluminium hydride in such
solutions by infra-red analysis, ard isolated their correspording
triethylamiz complexes, Since lithium chloride does not precipitate

from solution it is suggested that LiAlHCl, and LiAlHQClz may also be

3
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:-

LiAlH4 + 3AlCl3 ——94A1HCI2 + LiCl = 3A1HC12 + LiAlHClS,
LiAlH4 + AlCl3 o 2A1H201 + LiCl = A1H201 + LiA1H2CI2,
3LiA1H4 + AlCl3 —-—94.A1H5 + LiCl.

The most commonly used ratio, LiAlH4: AlCl3 = 1:4, hrz Tcen shov:":n5 T
result in production of dichloroaluminium hydride ani excess aluminium
chloride remains irn solution, viz.

LiA1H4 + 4A1C1

The effect of adding a Lewis acid to lithium aluminium hydride is

—> 3A1HCL,, + LiAlHClj + AlCl3 eeese (1)

3
twofold,
(i) +the nucleophilicity of the rearent is reduced and
correspondingly its electrophilic properties are
enhanced, and

(ii) the overall direct reducirg power is diminished.



Fig.1
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On the basis of elegent work on epoxide opining with differing 'mixed
hydride’ reagentsé, and by using lithium 2luminium deuteride in
combiretion with aluninium trichloride, the products arising from these
reactions have been rationalised in terms of the properties of the
'mixed hydride' used. A marked contrast is evident in the properties
of aiuminium hydride, favouring direct reduction, or opening to the
allylic alcohol, and dichloroaliminium hydride giving largely re-
arranged products via carbonium ion intermediates, Figure (l).

Participatiun by LiAlHCl, in the reduction is shown by comparing produ.:

3

ratios obt.ined using LiAlH AlCl, = 1:3 and pure dichloroaluminium

4 3
nydrides this shows that LiAlHCl5 is a better hydride donor than
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 7o - or
7 ﬁ - positions in cholesterol with either deuterium or tritium. Two
methods for achieving this have already been mentioned7, »ut our
attention was drawn to the possibility of using chlsrroal minium hyli.des
by our previcus 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 o -face because of sicric
hindrance to ﬁi -approach, the chances wnat a steriospecific introdnctéon
of hydride or deuteride could be achieved seemed good. These

assumpticrs received support from a previous extensive study by

Brewster and Bayers on the hydrogenolysis of enones and allylic

alcohols.



(1) R1:R2:X:H.
(2) R=RsH: X=Ac. (6)
(3)R"—‘FE=D cX=H

(7) R=H (SYix=H
(8) R=D (10)R=D
| | i
1 m
HO~ N H
i 7

(11) (12)
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Synthesis of 7}3 ~-hydroxycholesterol (7) from cholesterol (1)
we, accomplished in high yield as follows; (a) allylic oxidation of
the acetate (2) with anhydrous sodium chromatc in acetic ac’'d and
acetic enhydridc9; (n) carefully controlled reduction of the resaulting
f-oxocholestoryl acetate {6) using lithium aluminium hydride. Similar
r:duction of (6) with 1lithium aluminium deuteride afforded
T —deuté}io - 7;3 ~hydroxycholesterol (8). The corresponding
7 oL =hydroxycholesterol (9) was produced by photooxygenation of
cholesterol to give in the first instance 5 A -hydroperoxy-3 F -
hydroxycholest~6-ene (11), which when stircred in chloroform rearrange!
to give 7ol -hydroperoxycholestercl (12) and this was reduced to
7 o€ -hydroxycholecsterol (9) with sodium borohydridc. A sample of
7 ﬁ -deuterio-7 ¢ -hydroxycholesterol (10) was produced in a like manner
by photooxygenation of 7,7-dideuteriocholesterol (3).

Hydrogenolysis of the allylic alcohols was performed in a
standard manner., Dichloroaluminium hydride was prezarzd at 0o under a
nitrogen atmosphere by add*ng a suspension of lithium aluminium hydride
in ether to a solution of anhydrovs =i-miniim chloride in ether. After
15 min the allylic alcohol was introduced dropwise as an ethereal soluticr:
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
1o one part lithium aluminium hvdride was used which will generate
dichloro: minium hydride as shown in equation (1), and this reagent
was used@ in four-fold excess in reduction of the alcohols since it

has been s‘nowxl8 that this improved both therate and yield of

hydrogenolysis.



TARLE (1)

Reducing Products % Products
Substrate
Lgent 4 5 7 2
7 A1DCL, 97 3 Cholesterol (A)
8 AIHCL, 17.5 82.5 Cholesterol (B)
9 A1DC1, 91 9 Cholest~~~1 ()
10 A1HCL, 12 88 Cholesterol (D)
6 LiAlH, 78 "2

) R=H R =D
(5) R=D R =H



Fig.2

(©) (13) R=H
(14)R=D
: OH

(15) | (16)



90

To establish the stereochemical resuli c¢f hydrogenolysis a reliable

mcans of estimating the amounts of &£ - and ﬁ - deuterium .t the
allylic position was required. Vhile the n.r.r. of the products gave
a uselinl indication from the structure of the clefinic proton at

4.65 U (singlet for 7 ﬁ - deuvieriocholesternl, donblet for

7T oL - deuteriocholesterol), this could not poovide the quantitalive
est.mate required for the project in hand7. YThotooxygenation, however,
is knownlo to react stereospecificzlly on cholesterol by abstraction or
the 7oC - proton, Figure (2), and so by troating the 7-deuterated
cholesterols in this way and by obtzining the mass spectrum of the
resultant 3 F} s 5 € ~ dihydroxycholest~6--ne (13) a reliable and
accurate analytical procedure was established.

The results obtained, shown in Table (1), indicate that the
reduction is usefully stereoselective with lhiydride or deuteride entering
predominantly from the ol -face. For comparison, ine reduction of
T -oxocholesteryl acetate (6) with lithium aluminium hxdride at 0o
was performed and the prowortions of T &L - and 7 ﬁ - hydroxycholesterol
;n 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
allylié alcohol. The most accessible system satisfying this condition
wppeared to be the 3 - and 3 F - hydroxvcholest-4-enes in which,
moreover, uhe Ting incorporating the alcchol is conformationally more
mobile,

Synthesis of 3}3 - hydroxycholest-4-ene (15) and
3 & - 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)

(22)

(21)



TAPLE (2)

4}3 —Ilydroxy-SF -cholestane (22) + 0.4 eguivalents of Eu(dpm)3

4/3 —Hydroxy—BF; -cholestane (22) + 0.4 equivalents of Eu(dpm)3

*
Peak Position

Multiplicity Effect of Decoupling at Peak Assignment
1 1530 br s (4) vecomes s, (3) sharpens 4 A
2 1010 d,J13Hz (5) becomes d, J 12Hz € ol
3 910 br m, (2H) (1) sharpens X+ 3/0,
4 890 d,J13Hz (1) sharpens 5[3
5 500 t,J13Hz (2) becomes s 65
6 280 s, (3H) C-10 wethyl

* In p.p.m. downfield from T.M.S.
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of 3 ﬁ ~-acetoxycholest-4~ene, followed by preparative t.l.c. of the
material from mother liquors to obtain the 3L - isomer. The aleohols
were regenerated from their acetates by reduction with lith.om
alwpirniur hydriae. Deuterolysis ol these substrates was effected as
bei'ore to produce 3-deuteriocholest-4-~enes. JTocalion of the introduced
deuterium ?y photooxygenation was not poszible in this case since it
has bheen shown11 that the process is not specific for the 3oL -~ proton,
and that abstraction of the 3 ﬁ - proton occurs because of the more
flexible ring A.

Accordingly cholest-4-ene (18) was hydroboraced and oxidised to
give a mixture of 4 o =-hydroxy-5cK -cholestane (21) and
4 ﬁ ~-hydroxy-5 ﬁ ~cholestane (22) which were scparable by preparative
t;l.c.. These compounds were then analysed by n.m.7. using lanthanide
shift reagents, in the hope that the resonances due to the 3¢C - and
3 5 -~ protons might be distinct and identifiable. By similar
examination of the deuterated samples the incorporation ¢f deuterium in
both the 3o - and Bf% - positiene »ight then be determined. Use of
0.4 equivalents of tris - [ dipiva10y1methanato] - europium (III),
Eu (dpm)B, with 4.ﬁ -hydroxy-5 F -cholestane (22) in deuteriochlorofounr
shifted the 4 - proton signal to lowest field (excepting the hydroxyl
proton) followed by the 6K, 3 o« and 3/3 ' Sp and 6 F signals.
Mese assignments were made on the basis of decoupling experiments
details of which are recorded in Table (2). Unfortunately the 3 KL -
and 3 ﬁ' - 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 L —hydfoxy-5<x. -cholestane (21), so the more soluble shift reagent,
tris - [hexafluoro-octanedionato] - europium (III), Eu(fod)s, WasS

employed. Using 0.45 equivalents of Eu(fod)B the 100MHz spectrum of



N J
(T I

£
(15) (16)
o0 7
h
HO o
(21) (22)
HO

(23)



TAELE (3)

4F —-Hydroxy-i/ﬂ. ~cheolestane (22) + C.45 equivalents of E‘u(f.‘od)3

Peak Position* Fultiylicity Effect of Decoupling at Peak Assignment

1 1518 br s (5) becomes s, (3) and (4) sharpen. 4 A

2 939 d, J14Hz (6) becomes d, J14Hz. 6L

3 912 d, J12Hz (1) sharpens. 30l

4 868 t, J11Hz (1) sharpens. 3}3

5 806 d, J9Fz (1) sharpens. 5 F

6 186 t, J14Hz (2) beconcs s. 6,3
430 Qs (8) becomes s. Tol?

8 290 d, J10Hz | 18°

] 266 s, (3H) C-10 Methyl

* In p.p.m. dOanield frcm TQJ‘VK.QSO



TaRLE (4)

4 ol -Hydroxy, 5L -cholestane(21) + 0.5 equivalents of Eu(f‘od)3

x Effect of Decoupling
Peak Position IMultiplicity Assignment
at Peak

1 > 2000 (5) becomes a J10Hz, 4}3
(3) and (4) sharpen.

2 1352 d (6) becomes t, 6A

(5) sharpens.

3 1262 br m 3 ol
4 1198 a, 3 ]3
5 1174 t, (6) becomes t. 5 K
6 684 q 6 F

% In p.p.m. downfield from T.M.S.



0o (5)

Reducing  Products 9

Substrate - Products Reference

Agent 0 20 15 16

15 MIDCL, 49 48 Cholesti-A-ene() This work

15 £1DCl, 65 35 12

15 A1D,C1 35 65 12

16 AIDCl, 12 84 "holest-4~-ene(®) This work

16 A1DCl, 15 85 12

16 A1D,CL 15 85 12

17 LiAlH4 89 11 This work

R

R

(19) R=H R=D
(20) R=D R'=H



4 ﬁ ~hydroxy-= P -cholestane (22) was analyscd and resonances assignad

tc specific proton configurations on the basis of chemical shift,

coupling consiants and decoupling experiments. At this coicentrziion
the 360 ~ and 3 ﬁ -~ protons were scparated and identifiable, and

results are listed in Table (3). Analysis of 4 & ~hydroxy-5 ¢ -
cuolestane (21) required the use of 0.8 equivalenis of Eu(fod)3 before
aZaignmenté could be made and all the relevant peaks resolved;

Table (4) contains the details.

Having established this technique, the 3-deuteriocholest-4{-enes
were h&droborated and europium~shifted 170MI!% n.m.r. spectra of the 1iwo
alcohols from each sample were analysed., Repeated integration over the
resonances ccrresponding to the 3 o - and 3 P -~ prctons and internal
standards, usually the 5 £ = or 5 P - prolon, provided a reliable
estimate of the deuferium incorporation in each position. A summary
of the results obtained from deuterolysis of both 3-hydroxycholest-4-enes
along with those obtained by other workers12 aftr the completion of this
work is given in Table (5). For comparison cholestenone was reduced
with lithium aluminiun hydride and ika proportions of the two alcohols
(15) and (16) in the mixture measured by integration over the relevant
n.m,r, peaks,

Carbonium ions have been invoked8 to exﬁlain the products from
hydrogenolysis of %llylic alcohols. Both 7-hydroxycholesterol and
>-hydroxycholest-4-ene give only prcdvcts ‘n which the double bond has
not migiated (see above), bu’ 1t seemed probable that hydrogenolysis
of 5 of ~-hydroxycholest-6-ene (23) might result in formation of
cholest-5-ene by allylic rearrangement of the initially formed
carbonium ion. To determine the stercochemistry of hydride addition
at C-7, deuterolysis of 5 o -hydroxycholest~-6-ene (23) was

performed under standard conditions, however dehydration occurred
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to give cholesta~4,6-diene (24) as ihe only prceduct.

The mechanism of hydrogenol;sis of allylic alcohols has received
. + . .8 cy o . . . . e ‘
~ome attention” and it is postulated that the first stev is formation

of a rhloroalkoxyaluminium compound thus:-
R = OU + ALHCl,—- ROAICL, + H, .... (2)

which occurs rapidly on mixing ¢l the reagents. On the basis of a
study of btenzylic, allylic, and saturated alcohols the next step is
presumed t, be the slower formation of a carbonium ion by alkyl-oxrzen
fission. Tu has been demonstrated8 that the rate of reaciion 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 c1 c1
+ -
ROALC, + A1Cl, —> AT — R7 441,010 .... (3)

NWZAN
37 SN N

In their study of the hydrogenolysis of 3~hydroxycholest-4-enes,

Romeo et al}2 assert that the reduction of the 3 - and 3B -

alcohols cannot both involve ~an SNl mechanisy since, contrary to

observation, both compounds would then be expected to give the same

carbonium ion, and they conclude that the 3 £ - alcohol is reduced

by an SNl mechanism, but that reduction of ihe 3 ;3 - alcohol proceeds

only partly by such a mechanism. to 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



94

the previcusly demonstrated reactiviiy of the chlorozluminium hydrides.
The allylic alcohols examined ma- be divided into two classes, those
(1) wita a quasi~axial hydroxyl group, and those {2) with a quasi-
equatorial hydroxyl group. In class (1) the »esult of the resction is
seen tn be one of predominant retention of configuration at the allylic
position with either little or r.o variation in the product ratios on
changing frém formally dichlorosiuminium hydride to monochloroaluminium
hydride., The rcsults with quasi-equatorial alcohols, class (?), may
not seem at first sight to show any obvious consistencies, but a
rationaliscotion 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 aczcording 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, dichloroaluminium 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 7{ - 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 quasi-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 dichloroaluminium hydride. Also, since
lithium chloride remains in solution, species such as LiAlHCl3 and
LiA1H . C1. should also be considered as reacting entities although they

2772
will be present at only about one third of the concentration of the
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uncomplexed forms. A very important faclor in these reductions

13

is the geomctry of the transien’ carbonium ion 7 and its stereochemical

surrourdings. 10 - Assisicd fission of cuasi-axial C-0 bonds (~25° out
of plane with the 1~ cyatem) requires little change ia the geometry
of the ring so that the predomirnant fesiures controllirg the approach
of hydride to ilhe resulting carponium ion will be torsional strain
invelving fartial bonds in the ¢ransition state14. If one considers
approach of a hydride donor perpendicular and from the top face tn such
carbonium ion:t, then in toth the case of the 3L - and 7K - alcohols
there is a» axial hydrogen on the B ~face adjacent to the carbonium icn
(at C-2 and C-8 respectively), in addition to the bulk of the 1C ﬁ -
methyl group. No such direct 1,2-interactions exist for apprcach from
below and as a consequence the predominant course is one of £ -attack.
If the heterolysis of the quasi-equatorial C-0 bonds (~52° out of
plane with the 7V~ system) prefers to occur when they are most nearly
eclipsed with the (- system, then considerable rotatiion about the
adjacent C-C bonds is necessary, Figure (3). The conservence of this
will be that where such rotation can occur, the initially formen
carbonium ion will 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 ‘ﬁ -attack of
hydride might be expected. This is indeed observed in the hydrogenclysis
of the 3/3 - alcohol where ring A stil? retains some flexibility and
the proportion of product arising frcm ﬁ -attack is seen to increase oﬁ ueing

a more nucleophilic hydride donor, monochloroaluminium hydride, which

would be expected to capture the transient carbonium ion more rapidly

before equilibration occurs.
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H;drogenolysis ol 7;3 ~hydroyycholestercl (7) gives however
substantially the same products zs its 7L - isomer (9). The reason
for t%ls lies in the fact that the necessary deformation of ring B
cannov be obtained due to ils rigidity, 2lthough a twisting is possible
such that the 7 ﬁ - oxygen wiil depart in a more nearly axial
orientation, it will btz the T{- system end ring A which will move rather
than the rigid B/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 7K -~ and 7 p - hydroxycholesterols. It is evident from the
resulis listed, that the stereochemical course of hydride reduction ot
the corresponding enones, (6) and (17), mirrors very closely thai of
hydrogenolysis of the cuasi-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 differenoés ag do exist in product ratios may well
reflect the change in the nature and size of the hydride deonor, and in
the centras being attacked.

From the Tables it is evident also that there is some diSCTFLﬁﬁcy‘
in the ratio of products obtained by us and the Italian group from
hydrogenolysis or *he 3 ﬁ. - alcohol (15), The lack of experimental
details available for the work of homeo12 precludes an exact
comparison, but no mention is made of the temperature at which
reduction was performed. Howe'er, it seems possible that if the
reaction was carried out at room temperature rather than at Oo then in
the presence of the relatively poor mcleophile, dichloroaluminium
hydride, more ecuilibration of the carbonium ion will have occurred
prior to capture, thus resulting in more o -attack as observed.

Further studies in related systems will be necessary to fully

test the proposals advanced here in explanation of the experimental

observations.
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EXPHRIMENTAL

For general experimental directions see Part 1.

Chrlesteryi Acetate (2)

Cholesterol (10g), purified via the dibromide’’ was dissoived in
dry pyridinc (100ml) and treated with excess acetic anhydride. The
resulting solution was stirred at ¢o° fir 7., allowed to cool, and
poured onto crushed ice. The crude acetate was isolated by filtration
and recrystallised from methanol to yield $.4g and had m.p. 111—1130

16

(1it., ° 111-116°).

7-Oxocholesteryl Acetate (6)

To a solution of cholesteryl acetate (2) (9g, 2lmmol) in
acetic acid (70ml) and acetic anhydride (30ml) sii.red o* 60° under
nitrogen was added anhvdrous sodivm chromate’ (7.32, 45rmol). The
mixture was stirred {or 2Ch, cool.i, and ca:tiously poured on to iced
water (600 ml) and stirred vigorously to induce crystallisation, The
resulting mixture was filtered through glass fibre papervand the crude
product washed with a little cold acetic acid. The pale green solid,
recrystallised from hot acetic acid yielded T-oxocholesteryl acetate

(7.1, 76%) as a white crystalline solid m.p. 159-160° (11t.,*7 158-159°)

Reducticn of 7-oxocholesteryl acetate (6)

(a) it 0°
Normal lithium aluminium hydride reduction as previously

described18 gave a white amorphous solid shown by t.l.c. to consist of
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one mgjor prodvet, and just separated from i{ 't moxze polar, = much
smaller amount of a second component. Preparative t.l.c. in

ethyl acetate-petrol (1:1) yielded a pure szmple of hoth components,
The major component, 7F3 ~hydroxychelesterol (/) had m.u. 172-17/;o
19,20

172-176%), Y 3615, and 1040 cm‘l, T 4.74vx{11,s),

(1it., e

+

6.20(1H,d,J6Ez), and 6.40(1H,m), M 402 (Cale. for C M,402).

27h4602:
The minor component, 7L -hydrcay~hclesterol (9) had m.p.

181-183° (1it.,19720

183-184°), ))max 3615, 1050 and 935 cm-l, T 4.42
(14,d,J6Hz), 6.16 (1H,d,J6Hz), and 6.44(1H,m). M 402 (Cale. for
Cotly 0y My402),

The 100MHz 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 4.35-4.80 U indicated the

presence of 7 B -hydroxycholesterol (7)(789%) and 7o -hydroxycholesterol

(9)(22%).

(b) At -20°

To a stirred suspension of lithium aluminium rydride (0.85¢, 22.51mol }
in dry ether {200ml) under nitrogen and cocled to -20°, was added a
solution of the ncto-acetate (6)(10g, 22.5mmol) in dry ether (200ml)
over a period of %0 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 30 min. Usual work u} gave'?ﬁ ~-hydroxycholesterol(7){8.1g, 90},

which was purified by one recrystallisation from methanol.

(¢c) At -20° with lithium aluminium dcuteride

Reduction of theketo-acetate (6) using lithium aluninium deuteride as in (6)
above afforded Tec -deuterio-7f3 -hydroxycholesterol (8),

Y oy 3515 2120, and 1040 em Y, T4.72(2H,s) and 6.40(2H,n), M'403
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2

(Cele. for C

M

7H[5D02: ¥,403), isotspic ratios,
T

402:403:404:405 = 28,5:100:30.9°,(Calec, for Cooh

27145 %029

403:404:405 = 100:29,7:2).

Reductions with Jichlorowtuninium .ivdride, Geneornl Irocedurg

Anhydrous aluminium chloride (8mmol) was carefully saded to dry
ether (40m}) stirred at 0° under nitrogen. A suspension of lithium
aluminiwn hydride (2mmol) in dry ether was carefully added znd the
resulting mixture allowed tc stir for 10 min. To this was added =
solution ci 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. VYields were

generally in the range 75-,0%.

Deuterolysis of 7R =-hydroxycholesterol (7)
N

On reduction with dichloroaluminium deuteride, 7;3 ~hydrovyn.olestercl

gave a deuterated cholesterol (4) with S)mlx 3625, 3013, 2120, 2098,

1048, and 948 cm"’, T 4.65(1H,d,J5Hz) and 6.48(1H,m), M 387

(Calc. for C DO:M, 387), isotopic ratios, 386:387:388:389 = 7:100:31:4

275

(Cale. for C DO, 387:388:389 = 100:29.7:2), other peaks at

27745
372, 369, 354, 302, 275, 274, 256, 247, 232, 214, and 200,

Hydrogenolysis of 76t -deuterio=7f8 -hydrochholesterol(B)

Reduction of (8) with dichloroaiuminium hydride gave a deuterated

cholesterol (B) withY 3621, 3027, 2156, 2144, 1047 and 949 cn™,

T 4.67(1H,s) and 6.50(1H,m), M 387 (Calc. for CoHly5DOM, 387),
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isotopic ratios, 286:387:368:789 = 8:100:30:4 {Calc. for
C27H45D0, 387:388:%89 = 100:29,7:2), other peaks at 572, 369, 3584,

302, 275, 274, 256, 247, 232, 214, and 20C.

. . , , .21
2 ph 4 53& ~Dihydroxycholesi-6~enel{l3)
13

Cholesterol (300mg, 0.8mmol) and hematcporphrrin (2mg) were
d’ssolved ih dry pyridine (2%ml) and oxygen was bubbled through the
clear red solution while it was illuminated using a 60%W desk lemp.
The reaction was terminated after 6h and the hydroperoxide (11)
formed, reduced to the corresponding alcolwl by pouring the pyridine
solution into a suspension of sodivm horohydride in methanol, stirring
for 15 min and then working up as usual to give a mixture of cholesterol
and (13). Trelatter component, constituting 75% of the mixture, was
isolated by preparative t.l.c. with ethyl acetate~-petrol (2:3) and
had m.p. 180-181° (1it.,°> 181°), Y, . 3622, 3015, 1635, 1037, 1018,
950, and 862 cm’l, T 4.40(2H,s) and 5.90(1H,m), ¥'402 (Calc. for
C27H4602:M’ 40?), isotopic ratios, 401:402:403:404 = 1°.5:100:31:8 and
384:385:386 = 100:32:6,5, other peaks at 384, 366, 355, 301, 247, and
213, These isotopic ratios were used in calculating the deuterium
content of labelled 5/3 »5 & ~dihydroxycholest-6-enes, since by

obtaining the mass spectra under standard conditions due allowance can

be made for the (M-1)* ion.

Photooxy scaztion of Cholesterol (A)

By the ahove procedure, cholesterol (4) yielded on photooxygenation
and purification a 3P ,5 L -dihydroxycholest-5-ene with
-1
Y .y 3622, 3015, 1635, 1037, 1019, 949 and 862 em =, T 4.40(2¥,s) and

5.90(1H,m), ¥'402, other peaks at 384, 366, 351, 301, 247 and 213,
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isotopic raiios 402:403%:404 = 100:52:13%,5 (Unlabelled
401:4C2:403:404 = 15.5:100:31:24), .'. contribution from 3, syecies

NP . . . + . . -
in 403 = 21, but this will give an (3=1)" of relative size 3,5, and

thus adjusted ratics do;dl = 96,5:21, and hence deuterium content = 37,%¥0 3,

Photooxygenation of Cholesterol (=

Photooxygenation of cholescerol (B) gave a 3B 15e¢ ~dihydroxycnolesterd

\ =2
which showed >mx 3621, 3015, 2223, 1625, 1036, 1028, 952 wni 865 cm ~,
T 4,42(1%,4,72Hz) and 5.88(1H,m), M'403 other peaks at 385, 384, 367,
352 and 247, isotopic ratios 402:403:404:405 = 19:100:30.5:6, and a

oA

similar calculation gives a deuterium content = 97% d1

7oL ~FHydroxycholesterol (9)

Photooxygenation of cholesterol (1g) 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 (3x5m1),
water (1x5ml), dilute sodium bicarbonate (1x5ml) and orine, driei, ari
the ether replaced by chloroform., This solution was stirred at 20°
for 24h, and tue bydroperoxide (12) reduced with sodium borohydride to

give (9). Recrvstallisation from methanol gave material m.p. 182—183?

(0046g9 45‘/'3)'

Deuterolysis of the Keto-acetate (6)

Reduction of (&) was performed in the standard way using
6 equivalents of dichloroaluminium deuterile per mole of subsirate.
The product, 7,7-dideuteriocholesterol (3) was purified by crystallisation
from ether-methanol and had )>max 3620, 2170. 2080, 1655, 1040, and

945 om™Y, T 4.67(1H,s) and 6.48(iH,m), M'388, other peaks at
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3734 3104 355, 303, 276, 275, 257« 247, 232, 21l and 200, isotopic

D,0:1, 388).

~.tios 388:389:%53C = 100:29:5 (Calc. for 027H44 ”

T-Deuterio-3 B 5 L -dihvdroxycholest-€-ene {14)
7

This was prepared by photooxygenation of (3) as above :nd showed
))max 3620,'5015, 2230, 1622, 1035, 1025, 950, and 862 cm_l,
T 4.42(1H,a8,3272), and 5.90(1H,m), M 403, other vesks at

385, 384, %70, %69, 367, 352 and 247 (Calc. for 027H45D02:M, 402)

TR -~Deuterio--7L -hydroxycholesterol LJC)
[}

This was prepared from (3) following the procedure used in the

synthesis of (9) above, and had’9max 3620, 2130, 1655, 1115, 1052,

1

and 1040 em ~, T 4.40(1H,s) and 6.45(1H,m), ¥ 403, other peaks at

386, 385, 367, 352, 254, 247, and 212 (Calc. for Cyrgl4 500 M, 403).

Deuterolysis of 7o -hydroxyvcholesterol (9)

A devterated cholesterol (C) was obtained on treatment of (9)

with dichloroaluninium deuteride under standard coniitions and sheawed

Yy 3622y 2110, 2090, 1660, 1110, 1045, 1020, and 945 em T,

T 4.63(1H,d,J6nz) and 6.45(1H,m), M’ 387, other peaks at 372, 369, 354,
302, 275, 274, 256, 247, 232, 214 and 200, isotopic ratios

H _DO:M, 387).

387:388:389 = 100:29:5 (Calc. for 027 a5

Hyd:ogenolvsis of 78 -deuterio-7«&L ~hvirvoxycholesterol (10)
T

Standard rednction of (10)with dichloroaluminium hydride gave a

deuterated cholesterol (D) which showed :Dmax 3622, 2150, 2137, 1660,

1110, 1045, 1035, and 943 em Y, T 4.63(1H,s) and 6.45(1H,m), M' 387,

other peaks at 372, 369, 354, 302, 275, 274, 256, 247, 232, 214 and 200,
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isotopic ratios 397:380:%89 = 100:20.5:5 (Calc. for 027H45DO:H, 387).

Photooxygenation of Cholesterol ()

Standard protooxyaenation of choleaterol (C) afforded a
BﬁS v 5 L ~dihydroxycholest~6-ene which showed 5>max 3622, 3015, 1635,
1037, 1018, 950, and 862 cm‘l, T 4.40(28,8), and 5.90(1H,n), M 402,
¢ther peaké at 384, 366, 351, 301, 247, and 213, isotopic ratios

384:385:386 = 100:42:10 and celculetion gives a deuterium content = ¢ d, .

Photooxygenation of Cholesterol (D)

Analytical data for the 5P +5 & ~dihydroxycholest-6-ene isolated
from standard photooxygenation of cholesterol (D) are
Y .. 3618, 3015, 2230, 1622, 1035, 1023, 947, and 861 cm"l, |
T 4.42(1H,d,J2Hz), and 5.90(1H,m), M' 403, other pcaks at 385, 384,
367, 352, and 247, isotopic ratios 3%84:385:386:387 = 13:100:29:7 and

. !
hence a deuterium content = 88% d.

L

Lithium Aluminium Hyd~iZe Reducti:n «f Cholestenone (17)

Standard conditions18 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
3/3 ~hydroxycholest-4~ene (15) m.p. 131--133° (lit.,22 130-132),
))max 2521, 3604, 1655, 1110, 1027, 968, 918, 849, and 841 cm_l,
T 4.76(1H,4,J1Hz), and 5.88(1H,m). The less polar band yielded
3¢ ~hydroxychclest-4-ene(16) m.p. 2-84° (lit.,22 33-84°),

p)
and 5.94(1H,m).

. . .
oy 3618, 1655,1016, 985, 895, 858, and 849 cm ~, T4.55(1H,d,J507),
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The relative proportions of (15) and (16) in the reduction mixture
were cstimated from the 100MHZ n.m.r. spectrum by integration over +the
signals at 4.5% and 4.76 T respectively, which showed the presence of
3 B -hydroxycholest-4~ene (15)(8%") and 3 & -hydroxycholest-4-cne (16)(11%),
{iit.,25 705 (15) and 24% (162. Large scal: separ?fion of these alcohols
(15) and (16) was not possible by crystallication since they form a
molecular complex, The correcponding acetates can be crystallised'?3
however and the pure alcohols regenerated from them by reduction with

lithium alvminium hydride,

Deuterolysis of 38 -hydroxycholest-4-ene (15)
/

On reduction with dichloroaluminium deuterice, (15) gave a

deuteriocholest-4-ene (E) which showed ))maX 2125, 1658, 1440, 1372,
1

and 935 cm™~, T 4.72 (1H,d, partly resolved), k' 371 (Cale. for

027H45D:M, 371).

Deuterolysis of 3% oL ~hydroxychclest-4—ene (16)

Treatment of (16) with dichluvo~luminivm deuteride under standard

conditions gave a deuteriocholest-4-ene (F) which showed

D 2120, 1655, 1465, 1440, 1372, and 933 em™, T 4.71(1H,d,55Hz),

Mt 371 (Cale. for C D:M, 371).

27145

Bydroboration of Cholest-4-ene (18)

Hydroboration of cholest-4-ene (18) (1.5g, 4mmol) by the method
of Bull. Jones and Meakinsz4 afforded a mixture of alcchols (1.3g)

which were separated by preparative t.l.c. in ethyl acetate~petrol (3:17)

after repeated elution (X4) to give a less polar component,



TANLE (6)
Analysis of alcohois (1) and (¥) from deuterolysis of

3/@ -uydroxy cholest-4-ene (15) followed by hydroboration of *the result-

ing Z-deutario cholesti-d4-cne (3).

Alcohol (G) + 0.8 esuivalents cof Ma(fod)

3
Peak Position Multipiicity Integration 9 age
Deuterium
6 K 1262 d 1.00
3K 1178 m 0.50 50
3 F 1125 m 0.54 46
5 p 1094 m 1.00

Alcohol (H) + 0.45 equ’ ralents of Eu(f‘od)s

Peak Position Multiplicity Integration o age
Deuteriun
6K 920 a 1.00
34 872 m 0.54 46
3 ﬁ 836 t 0.48 52
5 F 778 d 1.00

Distribution of deuterium from deuterolysis of (15) is
3X= 48% a

= 49% 4



TATYLE (7)
Analysis of alcohols (1) and (J) resuliing from deuterolysis of
5 & ~hydroxy cholest-/4-ene (16) followed by hydroboration of the resi1t-

ing 3-deuteriocholest-j-ene (¥).

Aleohol (1) + 0.8 equivalents of @a(fod),
- )

Peak Position Multiplicity Integration % age
Deuteriun
6K 1357 d 1,00
3X 1267 m 0.19 81
3 P 1214 m i5
1.85
5K 1187 t

Alcohol (J) + 0.4 equivalents of Eu(fod)3

Peak Position Ilultiplicity Integration 9 age

PDeuterium
6 X 882 a
1.13%
30 856 87
3 [5 806 t 0.91 9
55 750 d 1.00

Distribution of deuterium from deuterolysis of (16) is

2':0(, = 849"1 do

33 = 12‘;5 d.
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4p —hydroxy--S’F) -cholestane (22), identical with the material previously
. 18 : - -

prepared by reduction of ;)‘B -cholestan-4-one and the mor~ nolar band
afforded 4 £ ~hydroxy-5¢L ~cholestane (21), identical with a specimen

prepared by rcduction of & & —cholestan—/l—onelg.

Iydroboration of Deuteriocholest-4-ene (%)

By the atove procedure (E) was converted to give a
3-deuterio-4 £ -hydroxy-5 & -cholestane (G) and a

3-deuterio-4  -hydroxy-5B -cholesiane (RY.

Hydroboration of Deuteriocholest-4-cne (F')

Similar conversion of (F) gave a 3-deuterio~4 ¢ -hydroxy-5 &£ =-cholestane

(7) and a 3-deuterio-4 B -hydroxy-5 ]3 -cholestane (7).

N..R. fnalysis of the aleohols {G), (H), (I) and (J)

The 100MHz n.m.r. spectra of these alcohols were recorded with
added europium-shift reagent, Bu(fod)y such that the si.mnals from the
3L - and 5}3 -protors were distirecl. Tie proportion of shift reagent
necessary was determined by examining the spectra resulting from the
unlabelled 4 oL - and 4P -alcohols (21) and (22); the results of these
experiments are shown in Tables (3) and (4). The deuterium content in
either the 3 -~ or SF -position was estimated by repeated
integration of these signals and compariso. with an internal standard.

The results of the deuterium analysis of the four alcohols are iisted

in Tables (6) and (7).
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Deuterolyvsis of 5 L -hydroxy-cholest-6-ene (23)

The normal deuterolysis procedure gave a white crystalline
compound in 9&% yield wrish was identified as cholesta-4,6-diene (24)
and had m.p. 92-93° (1it.,”” 88-92°),

1

»__, 3015, 1640, 930, 880, and 860 em ", T 1.03, 4.15, 4.42, 4.60(3H,m),

M' 368 (Cale. for Config g it 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

0-7 .
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APPENDIX



TA/BLE (10)

Pond Tengths and Angles in Cyclohexzane

Bond Lengths

c-1/c-2 1.340
C-2/C~3% and C-1/C-6 1.504
Other C-C 1.535
C-1/H and C-2/H ~1.C85
Other C-H 1.108
Bond Angles

c-1/c-2/c~-3 + c-6/c-1/Cc-2 122" 30!

- ¢-2/u~3/C-4 + C-1/C-6/C-5 111 1

C-3/C-4/C-5 + c-2/c-3/C-4 107 4

Others 109~ 2

»0 >0 >0 » 0 >0




POSSS M —

Atomic

‘TARLS (11)

Coordinates of (Cyclohexene Systems

(i) Trimethvlethyle

~r~1 e~} -
yolohexena

Gaxbon hloms
0.0000; 0.0000;
0.8410; -1.2120;
2.1140; -1.2120;
2,9550; 0.0000;
2.1470; 1.2690;
0.8070; 1.2690;
2.9050; -2.5010;
0.0500; -2.5010;
-0.5807; -0.2384;
-1.1936; 0.1518;

-0.6578; 0.3718;

Hydrogen Atoms

0.2450; -0.3434;
-1.1901; -1.1637;
-1.7211; 0.6191;

-1.5062; 0.47197;

0.0000
-0.4206
0.4206
0.0000
0.6000
0.0000
0.1591
-0.1597
1.3990
-0.9516
-2.3729

2.1303
1.3947
1.6856

~3.0760

-0.0385;
-0.0358;
-1.8025;
-1.8077;
-0.1864;
-0.8905;
0.65553
1.1034;
1.8520;
3.1414;
3.8455;
2.2995;
3.8166;
3.3742;
2.6890;

0.2640;

1.2901;
-0.4941;

1.025%;
~0.7701;
=2.5779;
-2.4819;
-3.37148;
-1.1268;
-1.1268;

-2.5779;

-2.4819;

~£e 51453
0.1096;
-0.1721;
2.20703

2.2070;

~2.3974
-2.6743
-0.6457
-0.9258
0.920C
-0.7431
-0.4683
-1.4936
1.4936
-0,9205
0.7425
0.4677
0.6£69
-1.0098
0.0000

0. 0000




(i3) Trans-diaxial«d-metayleyclohexen—-3-0l

Carbon Atoms

0.0000';  0,0000; 0©.C000 2,6850; -2.1425; 0.2323%
0.8410; -1.2120; -0.4206 1.1777; -~0.1€6065 2.0753
2.,1140; -1.2120; 0.4206 1.1430; -1.5695; 2.2104
2.9550; C€.0000; 00,0000 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; 0.2000

Hydrogen Atoms

-0.4192; -0.,1721; 1.0098 4.0780; -1.1358; -1.3793
-0.8616; 0.1096; -0.6869 Oxygen Atom
1.1034; -1.1268; -1.4936

0.2700; -2.1425; -0.2323 3.,50333 -0.2,023 =1.2370C2




(iii) Trang-dieocuztorial-4-methvlceyclokexen-3%-0l

Carbor. Atoms

0.0000; 0.0000;
0.8410; ~1.2120;
2.1140; -1.2120;
2.9550; 0.0000;
2.1470; 1.2690;
0.8070; 1.2690;
2.9050; -2.5010;
Hydrogen Atoms
-0.4192; -0.1721;
-0.8616; 0.1096;
0.2700; -2.1425;
1.1034; -1.12066;

0.0000
0.4206
-0,4206
0.0000
0.0000
0.0000

-0.1597

3.1414; -2.5779; C.9200
2.2995; -3.374P; -C.4683
3.8455; -2.4819; -0.7431
1.8516; -1.1266; -1.4936
3.37423 -0.,1721; 1.0093
3.7388; 0.2929; -1.9190
2.6890; 2.2070; 0.0000
0.2640; 2,2070; 0.0000
Oxygen Atom
<.0981; 0.1454; -0.9113




TABLE (12)

Atomic Coordin~ies for Pvrrolidine

Pyrollidine is orientated such that the N-H bond bisects angle
¢-6/C-1/C-2, in cyclohexenol znd values are guoted for the case in which

the nitrogen atom is in the x,y-plane and coincident with C-1.

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; -1.10%9

-1.2700; 1.2752; 0.3655 1.3137; 0.3914: -0.3433

Bond Angles: ONC = 110° 14'; ccx = 108° 08'; CCC = 106° 45!
o o] o
Bond Lengths: C-N = 1.47 A; C-C - 1.53 Ag C-H =1.1 A



(1)

(i1)

TABLE (1%)

Avomic Coordinates for Propene

Carbon Atoms

0.0000; 0.,0000; 0.0C00 -0.9397; -0.5425; 0.0000
1.1610; -0.6700; 0.0C00 0.0000; 1.8731; =1.0440
0.0000; 1.5040; 0.0000 -0.8991; 1.8820; 0.5257
Eydrogen‘Atoms 0.8991; 1.8820; 0.5297
1.1610; -1.755C; 0.0000

2.1007; -0.1275; 0,0000

Carbon Atoms

As above ~Ce9397;5 -0.5425;5 0.,0000
Hydrogen Atoms 1.0440; 1.8731; 0.0000
1.1610; -1.7550; 0.0000 -0.5257; 1.8820; 0.8991
2.3007; -C.1275; - 0.0000 -0.5257; 1.8820; -0.8991




APFENDIX

(i) Calewlation of Atoric Coordinctes

Published hond lengths 2nd angles for cyclohexene76 vere used,
Table (10),.and a standard half-chair conformation assumed. The
molecnle was placed in a suitable system of axes and the atomic
coordinates calculated by vector algebra77. These values, listed
in Table 11), were verified by use of a computer program (BONDLA78)
which calculates bond angles and lengths from a2 given input of '
coordinates, Pyrrolidine was assumed to be planar and the bond
lengths and angles used to calculate the coordinates are given in

Table (12). Coordinates for the atoms in the two propene models

are listed in Table (13).

(ii) Molecular Orbital Calculations

For a full account of the underlying theory ard methods used
in the calculations the hook by Pople and Beveridge()3 should be

consulted; only « hrief description is presented helow.

Self Consistent Tield Molecular Orbital Theory (SCW)

To simplify solution of ine Schroedinger egquation for a many
electron system it is usual to make mavny apprbximations. A general
feature of approximate solutions is an attempt to constructi a
satisfactory many-electron wave function from & 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 de this is %o associate

the n-electrons with n one-electron functions, thus:-

¥ (|,2,.,-.,.n> = 4 (!)'h (z) T 5, (‘r\))

and such one~electron funciions 1ﬂtare celled orbitales.
The electronic hamiltonian onerator for a meny electron system
has the genersl form
1 1 -1
- =21V, - S22, 4 Er
pF P ¢

A
fLq,
This exprecsion may be separated into one - and two - electron parts,

H‘and Hi‘ Thus Ll = H, + Hz 5
H, zHcore B} ’_zpf/z
and ]42 = EZ r

e,
pL
core Ap

The quantityl4 is the one - electron hamiltonian corresponding

n

<

I—QEZEFAP
A e

M

to the motion of an electron in the field of bare nuclei (4) of
charge ZA' After much simplification the expression for the total

energy becomes

€= CEIHIE

\

(REY + CEIR)E
25 Hy i% (2% - ki),

where LhLis the expectation value of the one - electron core

1

hamiltonian corresponding to the molecular orhital

R HE™ 0 d

and :y;iand kéjare the Coulomb and Exchange integrals respectively.



The coulomb integrals give the value that the total electron-electron
repulsion would have if all the electrons moved independentlv in the
ortitals to whirh they are assigned. The exchange integrals ‘reduce’
the energy of interaction bhetween electrons with parallel spins in
different orbitals.

If the many-electron function jP is adjusted to minimise the
energy of the system then the accurate solution of the many-electron
wave equation LL}: EiL will be approached . The best molecular
orbituls are obtained by varying all the contribuiing one electron

functions (yi) until the energy is minimised, and these are then

known as the self-consistent or Hartree-Tock mol:zcular orbitals,

The problem then is to find a stationary value of the energy

given by ‘<ﬁ£)Hlﬂ;>,This leads to the set of differential equations

J
iee Frio = 2&h
J

where F-is the Fock hamiltonian operator. These equations each have

[Hm + 3 (27 - ’(J)J% - %Eiﬁ“

a whole set of constants Eéjembodied 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.a. Eér= 0 unless L=J , without
affectiag the value of the determinant. Thus after diagonalisation

we have;

Frpo = &k



The general oprocedure for solution o7 tnese egnstiory is to assame a
set of tricl functions which allows czlculation of the Conlombh snd
Fxchanre operators ana hernce a first approximation *o the Fock

cperator. The eigenfunctions of this orerator are voed s 2 second

+

vy

!Jv

al function and the procedure is revested 1ill the orvital igs

bt

invariant (within given limits) on further iteration. These orhitais

are then self -consistent.

Linear Corhination of Atomic Orbitals (LCAO)

For r.ole.ular systems of any size direct solution of the above
differential equations is impractical and more approximate methcds=
are required. One of the best methods so far has teen to approximate

Hartree-Fock orhitals by a linear combination of atomic orbitals, viz.,

Y, = > QMi¢% ’
M
where gétare atomic orbitals. It is possible to define a Bond Index

an, between two atoms A and B such that

= ji Ei EL;

>

Monh Don b
and ZB%- \/ vhere \/u is the Valency of the
atom, and F)»l“ the ma:??; of terms known as the Density Matrix and
0¢cC
is given by 849 = .2?-_ Cue Sov

By a similar procedure to that descrited ahove the best molecular
orbitals are obtained by finding optimum values for the coef:‘~ientis
C,.which give ihe lowest energy, and ..e final expressicn reduces to

S (Euﬁ - ELSM,)()-,; =0 oee (i)

»

where the matrix elements of the Fock hamiltonian operator F are given
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by,

F/w) = H/m) + ;0’ p%‘ [(’“)}\?‘{O - %L (M)!DGXJ)

" : <
and t'e expression <H)is known as the Rcothaan equations, and —ud

are the overlap integrals.,

Approximzte Molecnlar Orbital Theories

The mést difficult and time-consuming part of LCAO-SCF molecular
crbital calculations is the evaluation and handling of a large number
of electron repulsion integrals, Many ~f these terms have values
near zero especially those involving the overiap distribution with
M#D « A useful approach is therefore to neglect such terms and
under the zero-differential overlap approximatio:

(AD,)G> = C“M,11>§M9szs where gﬂis the Kronecker Delta. The

various levels of approximate self consistent field theory differ

mainly in the extent to which the zero-differential overlap
approximation is invoked in electron repulsion integralw
The basic approximatiﬁns of the CNDO method are:-
(i) Replacing the overlap matrix *y ine unit matrix in the Roothaan
equations.
(ii) Neglecting differential overlap in all two-electron integrals

(,w)hff ) = (/u/ul”\) S,on? by

(ﬁi) Recucing the remaining set of coulomb-type integrals to one

value per atom pair,

Luf20) = Yoo Beond, fyon 8



(iv3 Negleeting monstomic differential overlap in the interaction
integrels involving the cores of other atoms. i.e. Lu)\%)?)
(v) Taking diatomic off-diagonal core matrix elements t¢ be
proportional to the correspending overlap integrals, i.e.
H/wﬂ - Fns ‘Sm)
fhus in (iv) ahove terms such as QMIVE]?> are tiken to be zerc for %u
and ¢y on A (Mp)but in the INDO method monatomic differential
overlap is retained.

The calculation is executed as folleows:~ Slater atomic orbitalc
are used to caliculate the overlap integrals und the electron repulsion
integral ’th is calculated as the two centre coulomb 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 affinities,and off diagonal terms from the product of
the resonance integral F> and the overlap integcoals .;d. This matrix
is then diagonalised and »n initial density matrix coustructed.
Corrections are ther added to th~ hamiltonian for INDO calculations.
Using the initial density matrix and the INDO modificatiops the Fock
matrix is formed, diagonalised, and a new density matrix precduced which
in turn is used to construct a new Fock matrix. This procedure is
repeated till the electronic energy converges to 10-6. At this
point, the Fock matrix is priuted, then diagonalised once more and
the res;lting eigenvectors are printed. The electronic energy is
computed after each new Fock matrix is fqrmed. The Bond Indices weré

calculated from the final density matrix.



