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ABSTRACT

Several 2,3-acyloxonium (1,3-dioxolenium iong) fused to rigid six-
membered rings have been prepared and their ring opening reactions with
a number of reagents studied.

It has been establighed that, in general, reaction with chloride
ion, bromide ion and carboxylate anion yields almost entirely trans
diaxial products and that the diaxial opening rule, vhich had previously
been applied to three-membered rings fused to six-membered rings
(6-3 fusion) may formally be extended to include 6-5 ring fusions. One
case is reported in which axial opening 1s inhibited and diequatorial
opening is favoured over diaxial opening. |

The hydrolytic cleavage of the acyloxoniun ions has been found
to be highly stereospecific, ylelding cis-hydroxyesters iR which the
ester group is in the axial position. The hydrolysis of orthoesters
fused to rigid six-membered rings and the Weodward-Prevost reaction
with Az-octalin also give cis-hydroxyesters in which the ester group
ig in the axial position.

It has also been found, with both of the epoxides derivable from
cholest-2-ene and with trans-decalin-2:3 epoxide, that ring opening
with hydrogen bromide is not exclusively diaxial but that small amounts

of the diequatorial bromohydrins are formed.
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Possible reasons for the stereospecificity of these ring open-

ing reactions are proposed.
The reductive elimination of 1,2-dibromides and halohydrin
sulphonate esters with sodium borohydride and related compounds has

been investigated and the results are reported in an appendix.
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PART &
GENERAL INTRODUCTION

Reactions in which acyloxonium ions, such as the acetoxonium
fon I, are believed to occur have been the subject of many studies
during the past 25 years. Initially such ions were postulated to
account for the stereochemical and kinetic results found with certain
solvolytic reactions vhere the possibility of participation by a neigh-
bouring acyl group occurred, and a large amount of data was obtained
as evidence for the intermediacy of these ions. More recently it has
been found that acyloxonium ions form quite stable salts with anions
such as perchlorate, tetrafluoroborate and hexafluoroantimonate and
can be isolated as crystalline solids. The study of the reactions of
these salts fully confirms the previous work on the properties of
acyloxonium fons. An extensive review of work in this field up to

1963 may be found in the Ph.D. thesis of C.B. Arderson. (1).

\
CH—CH
5 4
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Two methods of naming ions such as I have been used:

a)  as a derivative of the acyl group, i.e. "acetoxonium" or more
generally "acyloxonium".

b)  as a derivative of 1,3-dioxolane, i.e. "dioxolenium".

The former method is preferred here since it can be applied quite
generally. The term "dioxolenium" is perfectly satisfactory when
carbons 4 and 5 are part of a carbon chaln or of a single ring, but
when they are part of a multiple ring system, such as a steroid, the
problems of nomenclature become quite awkward.

Acyloxonium ions may be considered to be members of a class of
compounds known as ambident cations (2,3). Thus they can react with
nucleophiles at two positions; (a) at carbon 2, (b) at either carbon
4 or 5. The ions can be written as resonance structures, i.e. IT,
involving two major canonical forms, IIa and IIb. A nucleophile X°,
can add at the position of lowest electron density, that 1s to say at
carbon 2. 1f the energy released on formation of the new bond is large
IIT will be the kinetically controlled product. However, if an equi-
11brium between IIT and II occurs then the reaction will lead to 1v.
Since the transformation of II to IV results in release of the resonance
energy of the ester as well as the energy of charge neutralization, IV
must be the thermodynamically stable product (3). The chemistry of
these ions show both types of behaviour. Since the major portion of this

thesis 1s concerned with some of the reactions of these ions it was
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be desirable,

thought that a brief review of previous work on this subject would

The acetoxonium ion I was first proposed by Winstein (4). It
vas found that reaction of silver acetate in dry acetic acid with
erythro-and threo-2-acetoxybromobutane, trans-l-acetoxy-2-bromo-
cyclohexane, meso and .dl1-2,3-dibromobutanc and trans-1,2-dibromo-
cyclohexane proceeded with predominant retention of configuration
to give the corresponding diacetates. Also optically active 2,3-
dibromobutane and trans-l-acetoxy-2-bromocyclohexane gave rise to
completely inactive diacetates. Winstein interpreted these results
by proposing the formation of an intermediate acetoxonium ion. The
loss of optical activity was said to result from formation of the
acetoxonium ion vhich is symmetrical and hemce internally compensated

2.

[
C:0 CH
/ /3
0 0 C+ OAc
— 0 —

Br OAc
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Continuing this work Winstein and Buckles found that small amounts q

of water in the acetic acid used in the above reactions gave rise

to a different result, namely that the products wvere mainly cis |
mono-acetates (5). To account for this result it was suggested that

the intermediate acetoxonium ion reacted with water to give an

orthoester intermediate (V) which then tautomerized to give the

corresponding cis-monoacetate.

?“3 CHy  OH ?“3
NN
c c c:0
VR N
0" + ™0 o o o7 o
I | —> I | — l I
CH — CH CH — CH CH— CH
4 AN / AN / N\
VA

Further evidence for the existence of the acetoxoniuam ion was
obtained from the solvolysis of trams-2-acetoxycyclohexyl p-tol-
uenesulphonate in dry ethanol in the presence of potassium acetate
(6). The cis ethyl orthoacetate (VI) was isolated in good yield and

its formation was suggested to arise by attack at carbon 2.
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Winstein and co-workers have studied the acetolysis of trans-2-
acetoxycyclohexyl p-toluenesulphonate in acetic acid with. and with
out potassium acetate and found the results to be fully consistent
with the formation of an intermediate acetoxonium ion (7). This
research group also examined the reactions of the ketene acetal

of cyclohexanediol, 2-methylene-cis-4,5-tetramethylene~1,3-dioxolane
as a method of generating the corresponding acetoxonium ion (8).

The products from treatment of this compound with acetic acid and
with p-toluenesulphonic acid in acetic acid were also in agreement

with the formation of an acetoxonium ion.







Experiments involving the use of oxygen-18 labelled esters ‘

have been used in confirming the existence of acyloxonium ioms.

Thus Wiberg and Saegebarth (9) reacted erythro-l-benzoxy-2-bromo-
1,2-diphenylethylene-carbonyl-0-18 (VII) with silver benzoate under
the conditions of the "dry" Prevost reaction. Hydrolysis of the
product gave meso-hydrobenzoin (VI1I) having one half of the 180

of the bromobenzoate. When the reaction was carried out under the
conditions of the "wet" Prevost reaction the product was threo-2-
benzoxy-1,2-diphenylethanol, saponification of which gave dl-hydrobenzoin
(IX) having the same 183 content as the bromobenzoate. These results
are in accord with a mechanism involving formation of an intermediate
"benzoxonium" ion.

A more recent study has been reported by Gash and Yuen, who
prepared 1-0-acety1-2-0-p-toluenesulphonyl-g;gggfl,2-cyclohexanediol-
carbonyl-lso (X) and subjected this compound to acetolysis with ace-
tate ion in acetic acid (10). A mixture of trans diacetates was
obtained, 18, analysis of which showed that acetolysis occurred with
almost complete (99%) retention of'180. Thus there was no loss by
way of acetyl exchange. Alkaline hydrolysis of the diacetate mixture
gave g;gggfl,2-cyclohexanediol which was found to contain 467 of the
original 180. The authors suggested that the acetoxonium ion inter-
mediate was highly symmetrical and that backside attack occurred

with equal ease at either the « or B carbon atoms; thus for a perfectly

<y
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%
symmetrical acetoxonium ion intermediate a 50% incorporation of

0-18 would be expected in the final product.
In 1955 Meerwein reported the synthesis of the ethylene

acetoxonium fon (X1), 2-methyl-1,3-dioxolenium tetrafluoroborate (11).

P

C
RN
o N

* Several authors (1,10) have used the term "symmetrical" in
reference to the cyclohexane acetoxonium ion and have pictured this

fon in planar drawings. If, however, the ion is drawn as above it

1s obviously not symmetrical but is a mixture of d-and l-conformational
isomers. The statement of Gash and Yuen that attack can occur with
equal ease at the & or B carbons, based on planar drawings, suggests
that equatorial ring opening is as favourable as axial ring opening.

If the ion is considered as a dl-mixture, as depicted, then their
result ig explicable in terms of axial opening. Of course 1f the

cyclohexane ring flips into the boat conformation then a symmetrical

ion may be obtained.
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The preparation and properties of this and other acyloxonium ions

were reported in a series of papers between 1955 and 1960. (11, 12,

13, 14), The preparative procedures employed may be classified into

two types.

1) Treatment of 1,2-haloesters with silver salts.

CHg

|
/C =0
0

CHQ—CHzar

C
PR
or t

- BF, + AgBr

CHp —CH2

2) Removal of some group from a 1,3-dioxolane ring system.

a) Removal of an alkoxide

CHa OEt
S -
e

o~ Yo
CHy—CHy

3 [cszoa%] + BFy

proup from an orthoester.

i
|
J
|
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b)  Removal of a cyanide group.

CHz _CN CH3
Q4

> Yor .

o o 23C BF, 07 BFa

| | —> | | + @3CCN

CHQ—CHz CHp— CHp

¢)  Abstraction of a hydride ion.

H H CH
3 L s . 3
7 o BC BF4 oF+Do  BFy
l | _— | | + P4CH

Some of the reactiongof 2-methyl-1,3-dioxolenium tetrafluoroborate
found by Meerwein are summarized in scheme I.

In 1963 Winstein and Anderson reported the preparation of the
corresponding cis-cyclohexene acetoxonium salt, 2-methyl-cis-4,5-tetra-

methylene-1,3-dioxolenium tetrafluoroborate (X11) (15).
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. CH,",—O 'R
C2H50Na -
=
CH2—0 OCsz
n _
H2 0O R
NaCN -~ I ><
P
CH~O CN
2 .
_ _T+ |
CHé—O SO-—CH2 0
) I
1 - | SOH - C—R
»—R | BF > '
; TIERGR] /
e CHé—O
L 2
R:CH3.C6H5
L X-—-CH2 o
['C|,Br51 ] ~, }_—R
x" / . ’
CH2—O
+
(CH, LN—CH, 3 _
>
CH,‘;-O

SCHEME I
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The properties of this compound were fully consistent with the results
obtained previously. In moist acetic acid 2-acetoxycyclohexanol

(XV) was formed quantitatively and was shown to be >99.5% cis, no
trans hydroxyester being detected at all. In anhydrous acetic acid
containing potassium acetate a 507 yleld of diacetate was found to

be 947 trans and 67 cis. The remainder of the product (v50%) was a
dimeric product the cis-1,2-cyclohexanediol ketal of trans-2-aceto-
acetoxycyclohexyl acetate (XXI), and it was suggested that this arose
from the addition of the ion to the ketene acetal (XIX). Treatment of
the salt in anhydrous acetic acid with p-toluenesulphonic acid gave

up to 651 of the trans-2-acetoxycyclohexyl p-toluenesulphonate.
Reaction with C1~ and Br gave the corresponding trans haloacetates in
ylelds of 80 to 90%.,

Winstein and Anderson also reported an n.m.r. study of the re-
actions of XII. In anhydrous acetic acid the only proton signals cor-
responded to the dioxolenium ion. Addition of water caused immediate
disappearance of the dioxolenium proton signals and the appearance of
a spectrum corresponding to the cis-2-acetoxycyclohexanol, Treatment
of the dioxolenium salt with potassium acetate produced a spectrum cor-
responding to formation of the orthcdiacetate, dimeric orthodiacetate
XX, the dimeric product XXI and the trans diacetate XVIIL.

Relatively rapid exchange of the dioxolenium 2-methyl protons
for deuterium was noticed when the dioxolenium salt was dissolved in

deuterioacetic acid and presumably occurs via the ketene acetal XIX.
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This fairly rapid loss of proton would account for the formation of

the dimeric product XXI.

Another example of an acetoxonium ion has recently been reported
(16,17). Treatment of 3B-acetoxy-68-fluorocholestan-5c-ol with acetic
anhydride:perchloric acid was found to give 305 o-acetonium-68-fluoro-
cholestane perchlorate (XXII). Hydrolysis of this salt using aqueous
sodium bicarbonate in boiling dioxan gave a mixture of 3o-hydroxy-5o-
acetate XXIIIb and 5o-hydroxy-3o-acetate XXIIIa. It was found that
the relative amounts of these two hydroxyacetates was dependent on
the reaction time. After two minutes the proportion of XXIIIa to
XXIIIb was found to be 1:9, while after two hours the ratio was 6:4.
When pure XXIIIb was treated under the same hydrolytic conditions it
was converted virtually quantitatively into the other hydroxyacetaﬁe
XXIITa. The authors suggested that this acetate transfer occurred
via an orthoester intermediate such as XXV.

In a later communication the same research group has reported
preparation of more "acetonium" ions of this kind by treatment of the
50~acetoxy-3 o-hydroxy compound with sulphuric acid:acetic anhydride
followed by addition of perchloric acid to give XXVI a,b,c. (18).
ﬁ;Arolysis with sodium bicarbonate in aqueous acetone at 20° gave the
corresponding 3o-hydroxy-5o-acetoxy compound only. (XXV1I).

A surprising result was found on treatment of the 3at5e~ aceton-
ifum ion with anhydrous acetic acid and sodium acetate. In contrast

to the previous work of Winstein where the acetoxonium ion gave under
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CH,
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these conditions a trans diacetate, the corresponding 3&-acetoxy-
Se-hydroxy derivative vas obtained. The authors suggest that this
conpound arises merely by isomerization of the 3a-hydroxy-5#-acetoxy
derivative. However, this is a little difficult to visuslize since
it raises the question of where the 3o-hydroxy-5&acetoxy compound
came from in the first place.

Anderson and Winstein have studied the oxidation of cyclohexene
with thallic acetate and found among the products the cis and trams
diacetates of cyclohexane (50 to 55 of the total product) (19). In
dry solvent the diacetate mixture was mainly trans (up to 882 trans)
and in moist solvent the mixture was mainly cis (up to 81% cis). The
authors consider this large reversal from trams to cis effected by
vater to be a criterion for the occurrence of the acetoxonium ion XII

as an intermediate in the oxidation reaction.

TI(OAC)o
C 0
S ;;C—CHg
\ O’
0
\C= 0
| X1

CHj
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Participation of a neighbouring acyl group has also been observed
in many r;;ctions of carbohydrates. A review of work in this field up
to 1963 has been given by Anderson (1).

The hydrolysis of orthoesters and both the "wet" and "dry"
Prevost reactions are considered to involve the formation of acyl-
oxonium fons. Some previous work on thege reactions will be considered
later in this thesis.

Another reaction which may be considered, formally, to involve
the intermediacy of an acyloxonium ion is the diaxial ic diequatorial
rearrangement of halohydrin carboxylate esters. The diaxial to

diequatorial rearrangement may be 1llustrated in the general case by

the following equation.

The rearrangement has been shown to proceed with dibromides, halohydrin
carboxylic esters and bromohydrin sulphonate esters (20).
The rearrangement has been investigated for the case where
X = Br, and Y = RCOO--, and it was concluded by the authors that
the intermediate or transition state was of the type (XXIX). This

transition state is polarized so that the halogen bears a negative
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charge and the ester carries a positive charge (21).

R
- p——
X
1 N TN 1
8N
O\ /O 0
Cé+ -
| Br
R

The mechanism of the rearrangement, at least in polar solvents,
has been formulated in terms of the following equation, in which XXXIa

represents a diaxial compound and XXXIc represents the diequatorial

isomer.
X & x k, X
l 7\ /
C— T — c——¢C P ;!——-—C
T kg Y ko Y
X{XIa XXXIb XXXIc

It has been suggested that in the case of a diaxial bromoanisate
(X=Br, Y= E;CH30C6H4COO-) the transition state XXIX might be
polarized to such an extent that an ion-pair would be formed, i.e.
to give an acyloxonium bromide XXX. If this were the case, then the

rate of the diaxial to diequatorial rearrangement would be dependent,

to some extent, on the diaxial to diequatorial ring opening ratio of




the acyloxoniua ion, i.e. on the ratio of k_llkz. It vas further
suggested, from a consideration of the various factors involved in
the ring opening reaction, that the diaxial opening rule, which at
that time was restricted almost entirely to the opening of three-
membered rings, might not apply since the "onium" ion, in this case
was part of a five-membered ring (20).

The diaxial to diequatorial rearrangement has been under study
for some time in this laboratory and in connection with these studies
it was considered of interest to know the diaxial to diequatorial
ring opening ratio of acyloxonium ions such as XXX. Previous work '
on the ring opening of acyloxonium ions fused to a six-membered ring
with nucleophiles such as halide or carboxylate Qnion wvas confined,
at the time the work presented in this thesis was initiated, to those
cagses where the ring was cyclohexane. With this ring the products
are conformationally mobile and although it had been shown that the
products were trans, no information could be derived concerning the
ratio of diaxial to diequatorial opening. It was therefore decided to
undertake a study of the ring opening reactions of acyloxonium ions
fused to a rigid six-membered ring with halide ion and to determine

the ratio of diaxial to diequatorial products.
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The results of this study together with a brief investigation
of the ring opening of some epoxides fused to rigid six-membered rings
are reported in Part II of this thesis.

Besides the nucleophilic ring opening reaction leading to trans
products, acyloxonium ions can open by an alternate route, namely by
hydrolytic cleavage, to give cis-hydroxyesters. The results of a
study on the stereochemistry of the hydrolysis of acyloxonium salts,
and of some related reactions in which acyloxonium ions are thought to

occur as intermediates, are given in Part III of this thesis.
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PART II

THE BIMOLECULAR RING OPENING OF ACYLOXONIUM IONS AND EPOXIDES

A. The Diaxial to Diequatorial Ring Opening Ratio of Acyloxonium

Tons.

1, The preparation of acyloxonium hexafluoroantimonates.

The most suitable system on which to carry out a study of the
conformational preferences of a reaction seemed to be that of a steroid,
to be more specific, on derivatives of cholest-2-eme. The molecule is
rigid and also a lot of work has been carried out on the stereochemistry
of derivatives such as hhlohydrins and haloesters etc., which would
render the task of assigning structures to the products far easier
than with some less extensively studied system. However the cholestane
syater does have one disadvantage in that approach of an attacking
species from above to the C-2 position, i.e, from the g side, would
be interfered with by the C-19 methyl group., Consequently acyloxonium
salts were also prepared from suitably substituted trans-decalin
derivatives. In this system, again one has a rigid ring system, but
there are no bulky alkyl substituents present to interfere with an
attacking species.

In choosing the type of acyloxonium ion to be used in this study

the work of Winstein was coitsidered. Winstein had found that the ace-
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toxonium ion of cyclohexane was quite readily transformed into a ketene
acetal, by proton loss, which then could undergo various other reactions
(see Introduction). In order to avoid this type of reaction phenyl
substituted acyloxonium salts were prepared. The phenyl group would be
expected to enhance the gtability of the salts, and would also give
acyloxonium ions which would correspond quite closely to the intermediate
proposed in the diaxial to dieduatorial rearrangement of diaxial halo-
benzoates. At the time this work was initiated acyloxonium salts of this
type were not known.

Several methods of preparing the acyloxonium salts were available
(see Introduction). The most useful method for the purposes of this
study seemed to be that by treatment of a diaxial haloester with a suit-
able silver salt. This has the advantage that the product from diaxial
opening with halide, using the same halide ion, would yleld starting
material, thus reducing the amount of synthetic work. The steroidal
acyloxonium salts (XXXV, XXXVIIIa and b) were prepared from the cor-
rasponding diaxial bromoesters. Apart from 3 o-bromo-5 ¢-cholestan-
28-yl benzoate, the bromoesters were all known compounds. In each
case the bromoesters were treated with an equivalent amount of silver
hexafluoroantimonate in nitromethane overnight at 50°. After filtration,
to remove precipitated silver bromide, and evaporation of the nitro-

methane, the acyloxonium salts were easily crystallized from methylene

chloride by addition of ether.




25

‘

The trans-decalin haloesters were not known compounds but were
readily synthesized from Azfggggg:octalin by conventional nethods.l'
Their structures followed from the mode of synthesis and from spectral
data, The decalin bromoesters were more soluble in nitromethane than
the steroidal compounds. Addition of silver hexafluoroantimonate
resulted in an immediate reaction with the precipitation of silver
bromide, The acyloxonium salts XXXIIa and XXXIIb were isolated
in the same manner as the steroidal acyloxonium salts.

All of the acyloxonium salts were readily crystallized from
methylene chloride by addition of ether to give white crystalline
salts with satisfactory analyses.z' Since it has been reported (1)
that cyclohexane acetoxonium tetrafluoroborate was extremely hygro-
scopic, all procedures involving the preparation and handling of the
acyloxonium salts vere carried out inside a dry box. All the salts
were quite stable and some samples, stored under dry conditions, were

unchanged after two years. These acyloxonium salts were so stable

*
1. In the naming of the derivatives of trans-decalin the nomenclature

of Henbest, Smith and Thomas has been used. (22).

*
2. Except for 50-cholestan-28:38-benzoyloxonium hexafluoroantimonate

XXXVITIb which, despite several attempts, did not give a good analysis.
Its structure seems fairly certain however, based upon its spectral

properties, hydrolysis and upon its reaction with bromide ion.
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that one of them, the decalin benzoyloxonium salt XXXIIb survived
exposure to air (accidently!) overnight without any 111 effects.

The structures of the salts were based upon the following evidence;
(a) acid hydrolysis yielded the cis-hydroxyesters which upon saponi-
fication gave the corresponding cis-diols; (b) their infrared spectra
showed no carbonyl absorption but did show a strong band at n 660 cm—1
indicating the presence of the SbFG- ion (23); (c) their n.m.r. spectra.
In the spectra of the anisoxonium salts the quartets due to the phenyl
groups, which were treated as simple AB systems, were shifted downfield
by ~ 0.25 p.p.m. compared to the corresponding bromoester absorption.
Similar shifts of the phenyl hydrogen absorption were noted in the
cases of the benzoyloxonium salts. The hydrogens situated at the ring
junction, i.e. at C-2 and C-3, also showed quite large shifts. In the
n.m.r. spectra of the diaxial bromoesters the protons on the carbons
bearing bromine appear at n 4.5 p.p.m. and the protons on the carbons
bearing the ester group appear at ~ 5.4 p.p.m. Both protons in the
starting materials are equatorial and show up as relatively narrow
bands. In the formation of the acyloxonium ring, inversion occurs at
the carbon bearing bromine with the result that the hydrogen at that
position becomes axial. As will be mentioned later in this thesis,
axlal protons on cyclohexane rings couple strongly with neighbouring
axial protons and less strongly with neighbouring equatorial protons,
and in many cases appear as broad bands. An equatorial hydrogen, on

the other hand, couples less strongly with neighbouring protons and
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appears as a narrov band. Both types of bands have been found to have
characteristic vidths at half band height (24). The axial and equa-
torial protons at the ring junction of the acyloxonium ions appeared
as complex multiplets at around 5,79 p.p.m. These multiplets seenm to
have some structure in that they could be regarded as a superimposition
of two bands, a broad band due to the axial proton and a narrovw band

due to the equatorial proton (Fig. 1).

2. The reaction of acyloxonium salts with halide ion.

The preparation of geveral acyloxonium salts having been achieved
and their structures established, the study of the reactions of these
salts with halide ion was undertaken. The reactions were carried out
in the following manner. A known amount of the acyloxonium salt was
treated with a 10 molar excess of the particular tetraethylamonium
halide in methylene chloride at room temperature for periods of 30
pinutes to 1 hour. The crude products were analysed by one of a
number of methods, mentioned below, and the results are 1isted in
Table 1.

with the decalin animoxonium hexafluoroantimonate the products
were most easily analysed by quantitative thin layer chromatography.
In this method the intemsity of the spots produced by the charring of
mixtures of the diaxial and diequatorial halo-anisates were compared
vith the intensity of the spots found with the product. Although

an accurate evaluation of the quantities of each product could not

=
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be obtained, certain limits could be put on the amount of the di-
equatorial isomers and the results are probably accurate to * 2Z.
This method of analysis did not prove to be suitable in the case of
the steroid bromoanisates, since it was found to be quite difficult
to separate the diaxial and diequatorial compounds by thin layer
chromatography.

One method of analysis that was used was to determine the
optical rotation of the product mixture and then, using the known
rotations of the pure diaxial and diequatorial bromoanisates, to
calculate the composition of the mixture. Thus the product from
treatment of 50-cholestan-28:3f-p-anisoxonium hexafluoroantimonate
(XXXVIIIa) with tetraethylammonium bromide in methylene chloride had
a rotation of + 34°. For 3o-bromo-5o-cholestan-26-yl p-anisate
(XXXIXa, X = Br), the rotation was found to be + 35.5%, and for the
diequatorial compound, 2o-bromo-5 o-cholestan-38-yl p-anisate (XLa,
X = Br), the rotation has been reported as - 44° (25). Thus the
rotation of the product mixture corresponds to % 98% diaxial and
~ 27 diequatorial bromoanisate. Similarly the rotation of the product
obtained from the reaction of the 50-cholestan-20:30-p-anisoxonium
galt XXXV with bromide ion was found to be 0°. Here the rotation of
the product mixture corresponds to a mixture of 30% diaxial and 702
diequatorial bromoanisates.

An alternative method of analysis for the steroid bromoanisate

mixtures was by infrared spectroscopy. Above 809 cm-1 the spectra

k)1
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of the diaxial and diequatorial bromoanisates, in both cases, were
very similar. However, in the region 800 cm'l to 600 cm'1 significant
differences were observed. The diaxial bromoester XXXVI (X = Br) had a
band at 695 cm-1 (m) while the diequatorial bromoanisate XXXVII (X = Br)
showed absorption at 695 cm L (w) and 714 em L (m). By comparison of
the peak heights of these bands in standard mixtures of XXXVI (X = Br)
and XXXVII (X = Br), with the same bands in the product obtained by
treatment of XXXV with bromide ion, an estimate of the ratio of diaxial
to diequatorial bromoanisates in the product was obtained. A similar
procedure was used to analyse the product from treatment of XXXVIIIa
with bromide fon. In this case the diequatorial bromoanisate XLa

(X = Br) had a band at 716 cnfl, which did not appear in the spectrum
of the diaxial ester XXXIXa (X = Br), and which was used for com
parison purposes., The figures obtained by this method were, within
experimental error, the same ag those found from the rotation measure-

ments.

3. The reaction of acyloxonium salts with carboxylate anion

Treatment of an olefin with a mixture of iodine and the silver
salt of a carboxylic acid, in a sultable solvent such as benzene, under
anhydrous conditions, ylelds a trans-diol diester. This reaction is
known as the Prevost reaction and has been used to prepare trans-1,2-
glycols (26). The generally accepted mechanism of this reaction is

discussed on page 84; the trans-diester is thought to arise from the
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attack of a carboxylate anion upon an acyloxonium ion. Winstein

found that solvolysis of trans-Z-bromocyclohexyl acetate and trans-
1,2-dibromocyclohexane in acetic acid gave the corresponding trans-
diacetates and also suggested that these diesters arose from attack
by a carboxylate anion upon an acyloxonium ion. These and some other
examples of this type of reaction have been mentioned earlier (see
Introduction). As was noted before, none of these reactions were
carried out upon a conformationally rigid system and thus no estimate
of the ratio of diaxial to diequatorial ring opening was possible.
More recently, Meakins and colleagues have reported on a study
of the Prevost reaction with cholest-2-ene, using silver benzoate in
benzene (27). At room temperature a low yield (30%) of a mixture of
trans-dibenzoates was obtained, consisting of 28:3o-dibenzoyloxy-and
2 ¢ 38-dibenzoyloxy-50-cholestane in the ratio of 9:1. When the re-
action was carried out under reflux (v80°) the ratio of diaxial to
diequatorial dibenzoates was found to be 2:1. These results suggested
that the diaxial to diequatorial ring opening ratio of acyloxonium
ions with carboxylate might differ somewhat from that found with
halide ion, in that the ring opening seemed to be less stereospecific
than was found with halide ion. However, since the above reaction
was carried out under conditions quite different from those used in
the studies of the ring opening of acyloxonium ions with halide, the
results were not strictly comparable. It was therefore decided to

undertake a study of the reaction of some carboxylic acid salts with
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acyloxonium ions in methylene chloride, i.e. under conditions more
similar to those used in the halide ring opening reactions.

In order tc have a system comparable to that of Meakins' 98:10¢-
decalin-28:38-benzoyloxonium hexafluoroantimonate XXXIIb was prepared
and its reaction with benzoate anion studied. It was first attempted
to carry out this reaction by treating a solution of the benzoyloxonium
salt in methylene chloride with lithium benzoate. However the lithium
gsalt did not appear to be very soluble in methylene chloride and the
only product isolated was the hydroxybenzoate from hydrolysis of the
salt during work up. A similar result was obtained when dry absolute
ethanol was used as a solvent. It was thought that a substituted
ammonium salt of the carboxylic aeid might prove to be more soluble
in methylene chloride. However tetraethylammonium benzoate is quite
hygroscopic and has been prepared only as a hydrate (28). This hydrate
would be of little use for the purposes of the reaction under consider-
ation here since hydrolysis products would be obtained, A solution
containing equimolar quantities of N,N-diisopropylethylamine and
benzoic acid in methylene chloride was therefore prepared. This solution
was assumed to contain the corresponding ammonium salt. Treatment of
the decalin benzoyloxonium salt with a solution of the substituted ammonium
benzoate for 24 hours at room temperature gave a 72% yield of trans-
dibenzoates. The diaxial and diequatorial dibenzoates were readily
separable by thin layer chromatography and the product mixture was

found to consist of 87% diaxial (XXXIIIb, X = C6H5C00—) and 137 diequa-
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torial(XXXIVb, X= C6HSCOO-) dibenzoates. Both the diaxial and die-
quatorial dibenzoates were identified by a comparison of their pro-
perties with those of the dibenzoates prepared by esterification of
the corresponding diaxial and diequatorial diols.

The addition of a carboxylate anion containing an electron
withdrawing group, such as trifluoroacetate, to an acyloxonium ion
was then considered. Lithium trifluoroacetate was not very soluble
in methylene chloride and it was anticipated that the tetra-alkyl-
ammonium salts would be difficult to prepare in an anhydrous state.
Consequently a similar procedure to that above was used, i.e. a sol-
ution containing equimolar quantities of N,N-diisopropylethylamine
and trifluoroacetic acid was prepared and was reacted with the decalin
anisoxonium salt. A 64% yield of the diaxial diester, 98:10 o-decalin-
28-y1 trifluoroacetate-3o-yl p-anisate (XXXIIla, X = CF3COO-) was ob-
tained. This compound had a satisfactory analysis, infrared and n.m.r.
spectra. A slight trace of a second material was visible upon thin
layer chromatography of the crude product, and was thought to be the
diequatorial diester. However, attempts to isolate this second compound
failed. Both of these products decomposed somewhat upon thin layer
chromatography, leaving smears from the origin. The major product
from this decomposition had the same Re value as 3B-hydroxy-98:100~
decalin-2B-yl p-anisate (LXXXIVa) and it would appear that the diester
was ionizing to give the anisoxonium fon which then hydrolysed. Thus

no estimate of the amount of diequatorial opening was possible, al-
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though to judge from thin layer chromatography evidence, the amount

vas small.

B. The Ring Opening Reactions of Epoxides

1. Introduction.

a. The mechanism of ring opening

Most of the reactions of epoxides in solution involve the
opening of the ring and addition of a molecule of reagent . Cleavage
can occur under acidic, neutral and basic conditions. If the epoxide
1s unsymmetrical then two products are possible.

HX
R—CH—CE2 —_—> R—('!H—Cﬂzx + R—(‘:H—CHZOH
oH X
Addition to the least substituted carbon has been designated “normal"
while addition to the most substituted carbon has been designated
“abnormal” (29).

The orientation of the ring opening is influenced by both steric
and electronic effects. Under basic or neutral conditions, attack
usually occurs at the least substituted carbon to give the normal
product. However substitution of the epoxide with polar groups or
with groups capable of interacting by conjugation may enhance the
formation of the abnormal product. With acid-catalysed cleavage,

addition still tends to give the normal product, but substitution of
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the epoxide with polar groups and especially with groups capable of

gstabilizing an incipient positive charge can lead to the abnormal
product being produced. In many cases it is apparent that there 1is
a balance between the electronic and steric effects controlling the
ratio of normal to abnormal addition. A discussion of the various
factors involved in the orientation of epoxide opening may be found
{n the review article by Parker and Isaacs (29).

Base-catalysed cleavage is generally considered to occur by
an SNZ type of mechanism. The reaction between benzylamine and various
phenyl substituted styrene oxides has been shown to be bimolecular (30).
Also the reactions of both ethylene and propylene epoxides with sodium
hydroxide have been found to have negative volumes of activation, {n-

dicative of an SNZ reaction (30).

o ‘T-
N\ /S \
¢ \c/ > c—~C—
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In acid-catalysed cleavage, the conjugate acid of the epoxide is in-
volved in the reaction. Thus the ring opening of ethylene oxide with

hydrogen chloride and with hydrogen bromide have been found to exhibit

a third order rate law.
rate = kq (epoxide) (ﬁ+) x).

This result is consistent with attack of the protonated epoxide by

halide ion (31).
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A study of the hydration of several epoxides with aqueous perchloric
acid has been carried out by Long and colleagues. In each case it
was found that log k was proportional to H,, the Hammett acidity
function. This result was interpreted as indicating that the ring
opening was unimolecular and that the hydration occurred via an Al

mechanism (29).

o

+ VA AN
N—oc —s t—o¢ > ¢ c/
7\ /\ / N gt/ N
(|)+ OH oH

H

This conclusion was disputed by Parker and Isaacs on several accounts.
An Al mechanism did not explain the stereochemical resulis observed
upon ring opening, namely that inversion is almost always observed.

If the reaction occurred through an Al mechanism then a mixture of
products would have been expected. It was suggested that the reaction
probably occurred through an A2 type of mechanism in which bond break-
ing was more important than bond making in the rate determining step,

this mezhanism being termed a "borderline SN2"°
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This idea was supported by Whalley, who found negative volumes of
activation for the acid-catalysed hydrolyses of ethylene, propylene and
1sobutylene epoxides, consistent with an A2 mechanism (32), and seems

to be generally accepted at the present time (33).

b. The stereochemistry of ring opening.

A bimolecular mechanism is also indicated by the stereochemical
results found with the ring opening of epoxides. Treatment of trans-
2,3-epoxybutane with ammonia yields only erythro-3-amino-2-butanol.
Similarly, the acid catalysed hydration of cyclohexene oxide gives
only trang-cyclohexane-1,2~diol none of the cis isomer being detected.
Both of these reactions result in inversion of the carbon attacked
and this appears to be a general rule for all ring opening reactions
of epoxides whether under basic, neutral or acidic conditionms.

A few epoxides open up with retention of configuration under
acidic conditions. These cases involve epoxides gubstituted with a
phenyl or acyl group and it has been suggested that the retention
observed is a result of double inversion, the epoxide first being

opened up by neighbouring group participation, followed by attack
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of reagent and displacement of the neighbouring group. There are
also a few cases of epoxides which give rise to products derived
from both retention and inversion of configuration, these are thought
to arise from both the SN2 reaction and by double inversion occurring

together (29).

c. The diaxial opening rule.

When an epoxide is fused to a six membered ring, ring opening
with inversion leads to trams products exclusively. The generalization
known as the diaxial opening rule was proposed by Furst and Plattner
and was based upon the observed preference of gteroid epoxides to react
with both acidic and basic reagents to give not only trans but also
diaxial products (34)., Thus treatment of 5e-cholestan-2 a3 a and
28:38-epoxides with either hydrogen chloride or hydrogen bromide
yields the coreesponding diaxial halohydrins as the only isolated
products (35), An extensive 1ist of the reactions of sterold epoxides
which give diaxial products has been compiled by Hanack (36).

The diaxial opening rule also appears to apply to electrophilic
addition to carbon-carbon double bonds. Bromination of 5o-cholest-
7-ene has been shown to give 887 of the diaxial and only 12% of the
diequatorial dibromides. The reaction 1is presumed to occur via a
three-membered bromonium ring species which then opens mainly diaxially
when attacked by bromide ion. Addition of chlorine and of hypobromous

and hypochlorous acids also occurs with predominant formation of the
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diaxial products (36). It has been shown that aziridines such as

28: 36-1nino-50-cholestane open to give diaxial products also an.
Very recently it has been shown that the diaxial opening rule is also
applicable to the ring opening of episulphonium ions. Treatment of
Sa-choleatan~-2a: 3o-phenyl episulphonium hexafluoroantimonate with
chloride ion yields the diaxial chlorosulphide (38).

Henbest and co-workers have studied the acid-catalysed hydration
of trans-decalin-2:3-epoxide XLIa and found a 907 yield of the diaxial
diol XLITa, no cis-diol or trans-diequatorial diol XLIIIa being detected.
Hydration of the dimethyl substituted epoxide XLIb gave a mixture of
the trans diaxial diol XLITb and the trans diequatorial diol XLIIIb in
71% and 237 yields respectively, and again ro cis-diol was found (22).

A few examples of epoxides which open to give diequatorial

products are known. FPor exanple the 28:3p-epoxide of lanostane

~ (and of lanost-8-ene) gives the equatorial 38-alcohol on reduction

with 1ithium aluminum hydride. Treatment with hydrogen bromide yields
the diequatorial bromohydrin. These reactions have been rationalized
by assuming that ring A is in a half boat conformation. Diaxial ring
opening then leads to a diaxial boat which by ring inversion then gives

the observed diequatorial products (36).
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2. The reaction of epoxides with hydrobremic acid.

A brief examination of the literature on the diaxial opening
of epoxides shows that apart from one or two cases (cf.. Henbest)
very little quantitative work has been carried out on this subject.
Although many cases have been reported of epoxide opening where the
formation of the diaxial compound is the major product, few attempts
have been made to determine the amount, if any, of the diequatorial
products. For this reason, and also to have a system with which to
compare the ring opening ratios found with the acyloxonium ions, it
was decided to investigate the products of the ring opening of sﬁit-
able epoxides with hydrogen bromide, with the purpose of determining
the amount of diequatorial products produced. The following reactions
were carried out by treating a solution of the particular epoxide in
methylene chloride with aqueous 487 hydrobromic acid. One problem
with work of this nature is the detection of very small amounts of
secondary products. Thin layer chromatography appeared to offer a
possible solution. It was anticipated that the diequatorial bromo-
hydrins would be eluted at different rates from the diaxial bromo-
hydrins and that an estimate of the amount of diequatorial product
might be obtained by quantitative thin layer chromatography.

Unfortunately this did not prove to be the case with the bromo-
hydrins derived from 2,3-epoxy-98:10e-decalin XLI¢, Both the diaxial

XLIIc and diequatorial XLIIIc bromohydrins were found to run at almost




the same rate upon silica gel. The product from treatment of the
epoxide with hydrobromic acid appeared as a single spot on silica
gel plates with the same R£ value as both of the bromohydrins. The
only indication of the presence of the diequatorial bromohydrin was
found by developing the thin layer plates with iodine vapour. The
diequatorial bromohydrin ghowed up by this method, but the diaxial
{somer did not. With the product from the hydrobromination of the
epoxide a slight trace of material vhich absorbed iodine, and had

the game Rf value as the diequatorial bromohydrin, was observed.
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Thin layer chromatography using alumina was more guccessful, separation

of the two bromohydrins being achieved, vith the diequatorial compound

moving slower than the diaxial. However, due to the poor development
of the spots, upon charring, no estimate of the amount of the diequa-

torial bromohydrin could be made, although it was certainly quite

small,

Thin layer chromatography proved to be more useful with products

derived from 5o-cholestan-2e:3e- and 28:38-epoxides, XLVIL and XLIV.
In both cases the diaxial and diequatorial bromohydrins could be

geparated on silica gel, In the products obtained from treatment of
each epoxide with hydrobromic acid, a small amount of material cor-
responding in Rg value to the diequatorial bromohydrins was detected

{n each case. For the 28:38-epoxide XLIV the amount of diequatorial

bromohydrin was estimated at ~ 3% and with the 2u:3a-epoxide the

amount was estimated at Vv 5% of the total product. An unexpected
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result found with the bromohydrins derived from the o-epoxide was that

the equatorial isomer ran faster on chromatography than the axial isomer.

C. Discussion of Results

1. Epoxide opening.

It has been shown, with both of the epoxides derivable from cholest-
2-ene and with trans-decalin-2:3 epoxide, that ring opening with hydrogen
bromide is not exclusively diaxial but that small amounts of diequatorial
bromohydrins are formed.

The preference of epoxides to open to give diaxial products has
been rationalized in the following manner (39). As was mentioned above,
the ring opening reactions of epoxides are generally considered to occur
by a SNZ type of mechanism, and result in the inversion of the carbon
which is attacked. For such a mechanism a linear, co-planar arrangement
of incoming and leaving groups is desirable. The conformation of the
cyclohexane ring of the epoxides may be considered to be similar to that
of cyclohexene, i.e. L (Ref, 36, p. 149). If the chair conformation of
the cyclohexane ring is partly re-established in the transition state
leading to diaxial opening then the partial bonds (dotted lines) can be
nearly linear and co-planar, allowing more efficient overlap of orbitals
(L) and fulfilling the requirements of the SN2 mechanism.

This is not true for the transition state leading to dlequatorial
opening and resulting in the formation of the diequatorial chair product

directly (LIII). In this case the partial bonds are not linear or
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co-planar. If one considers that as the reaction proceeds the tran-

uZition state begins to asgsume the form of the products, i.e. that the
partial bonds have some equatorial character, then it is evident from
LIIT that not only is the transition state non-linear and non-planar
but that considerable lengthening and distortion of the angles of the
partial bonds must occur. The degree of distortion more readily can
be visualized if one considers the transition state required for the
reverse reaction, i.e. formation of an epoxide from a diequatorial
chair bromohydrin (LIV). As indicated by the arrow in LIV a large
amount of twisting and bond lengthening must occur before a suitable
alignment of reactive centres is achieved.

A linear co-planar transition state can be achieved however, if
the cyclohexane ring inverts to form a boat conformation. In this case
the transition state (LV) leads to the formation of a diaxially sub-
stituted twist boat (LVI) which can then give the diequatorial chair
product by ring inversion.

By this route the difference between the free energies of acti-
vation for the formation of the diaxial and diequatorial isomers is
controlled by the free energy difference between a partly formed diaxial
chair and a partly formed diaxial twist boat. It seems probable that
all of the diequatorial product observed in the ring opening reactions
of the epoxides with hydrogen bromide arises by way of the boat con-

formation since the route via a chair conformation seems very unlikely.




48

x---{;%-0-x

v

v

HO

X &—

<€

HO -~

OH




49

Presumably the reverse reaction, formation of an epoxide from an equa-
torial halohydrin, would also occur via a boat type of transition state.
In the case of the cholestan-2a:3a-epoxide the presence of the
C-19 methyl group at the ring juncture does not affect the ring opening
reaction to any great extent, the ratio of axial to equatorial opening
being very little different from that of the 28:3B-epoxide. The cyclo-
hexane ring 1s considerably flattened by fusion to the oxiran ring and
it would appear that any interactions, which could arise in the tran-
gition state between the methyl group and the attacking reagent - -

are not sufficient to alter the course of the reaction.

2. Acyloxonium ring opening.

The previously mentioned results (Part II A) show that the normal
mode of ring opening of acyloxonium ions, fused to cyclohexane rings,
with halide fons and with carboxylate anion is trans and diaxial (how-
ever, see page5,), and that the diaxial opening rule, which had prev-
iously been applied to three-membered rings fused to six-membered rings
(6-3 fusion) may be extended to include 6-5 fusion.

In contrast to the arguments used in the case of epoxide opening,
substitution to give the diequatorial chair products directly would not
involve a large amount of bond lengthening, because of the size of the
acyloxonium ring and would involve less movement of the group being
displaced, i.e. in the transition state for diequatorial opening (LXIII)

the incipient ester group has more equatorial character than is the




|
50 |

case with epoxides. Other reasons for the predominance of axial over

equatorial opening must therefore be suggested.

The ring opening reaction presumably occurs by a bimolecular sub-
stitution mechanism. This supposition is supported by the stereochemistry
of the reaction in which the products are invariably trans and which

results in the inversion of the carbon attacked. The preference for

" diaxial over diequatorial opening can be rationalized as a congequence

of the steric requirement of such a mechanism, in that the incoming and
leaving groups must be linear and co-planar.

Pirst the general case of the bimolecular substitution of a cis-
1,2-disubstituted cyclohexane ring (LVII) which is in the chair conform-
ation will be considered. For the substitution of the equatorial group
Y, leading to the diaxial product (LIX), a linear co-planar arrangement
of the incoming and leaving groups would result in a transition state
LVIII, in which the dihedral angle between the leaving group (Y) and the
other cis substituent (X) is decreased. Substitution of the axial group
X however, to give the diequatorial product LXI, would result in a tran-
sition state LX in which there is an increase in the dihedral angle
between the leaving group (X) and the cis gubstituent Y. When X and Y
form part of a ring, it follows that in the transition state leading to
diaxial products, i.e. LVIII, the ring would be flattened, while in the
transition state leading to diequatorial products, i.e, LX, the ring
would be twisted. It is suggested here that these changes in the di-

hedral angle between the adjacent groups of a g}g;l,Z-disubstituted
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cyclohexane ring, when either group is undergoing substitution, and the
concomitant flattening or twisting which occurs when both substituents
are part of the same ring, result in the diaxial opening of the acylox;
onium rings predominating over diequatorial opening.

Acyloxonium ions are stabilized by resonance involving the two
oxygens and maximum charge delocalization would be achieved with the
acyloxonium ring being planar. Trom the above discussion it follows
that in the transition state (LXII), leading to diaxial products (LXIV),
the acyloxonium ring can become or remain planar (at the present time it
1s not known whether the acyloxonium ring when fused to a rigid six-
membered ring is planar or slightly twisted), while in the transition
state (LXIII), which would give the diequatorial products (LXV) directly,

the ring is considerably twisted with consequent loss of resonance

stabilization.

A transition state (LXVI) in which there is a linear co-planar

arrangement of incoming and leaving groups, and in which the acylox-

onium ring is planar, can be achieved if the cyclohexane ring assumes

a twist (or boat) conformation. In this case the initial product 1is

a dlaxially substituted boat (LXVII), which by ring inversion yields the

diequatorial products (LXVIII).

Thus the axial to equatorial opening ratio is dependent upon the

free energy difference between a partly formed diaxial chair and wither

a partly formed diequatorial chair or diaxial boat. At the present

time no distinction can be made between the latter possibilities since
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it is not known if the degree of deformation of the oxonium ring in

LXIIT would be prohibitive to direct diequatorial opening.

The generalization that diaxial opening 1s the normal mode for
acyloxonium ions fused to six-membered rings applies for those cases
where no perturbing factors are present. However, in the case of the
cholestan-20: 3 a-p-anisoxonium ion, diaxial opening is strongly inhibited
by the proximity of the C-19 methyl group to the site of attack at C-2,
and equatorial opening is favoured over axial opening by a ratio of
n 2:1. This result is in contrast with the opening of the analogous
epoxide in which the presence of the methyl group makes little difference
to the ring opening ratio. Since the cyclohexane ring of the acyloxonium

ion would not flatten as much as the corresponding epoxide, approach of

reagent to C-2 must be hindered to a greater extent. Presumably in the
formation of the diaxial product a strong 1,3-interaction between the
methyl group and the attacking species would arise and this results

in the transition state LXIX being destabilized with respect to either

"
4
.§: .
I
ﬁ;.

LXIII or LXVI leading to the equatorial products.

With benzoate anion the opening of the acyloxonium ring is slightly
less stereospecific than with halide lon. A similar result was obtained
by Meakins (27) who suggested that the reason for the formation of more
diequatorial product was due to the increased size of the attacking group.
However both the results of Meakins', and the results reported here with

benzoate anion, were obtained using different counter-cations than were

used in the halide ring opening reactions. Although in the case of the

.‘IIIIIIIIIIII
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and equatorial opening is favoured over axial opening by a ratio of
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to the ring opening ratio. Since the cyclohexane ring of the acyloxonium
ion would not flatten as much as the corresponding epoxide, approach of
reagent to C-2 must be hindered to a greater extent. Presumably in the
formation of the diaxial product a strong 1,3-interaction between the
methyl group and the attacking species would arise and this results
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LXIIT or LXVI leading to the equatorial products.

With benzoate anion the opening of the acyloxonium ring is slightly
less stereospecific than with halide jon. A similar result was obtained
by Meakins (27) who suggested that the reason for the formation of more
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However both the results of Meakins', and the results reported here with
benzoate anion, were obtained using different counter-cations than were

used in the halide ring opening reactions. Although in the case of the
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benzoate anion the cation differs only slightly from that used with
halide anion the results may still not be strictly comparable. Also,
since the nature of the transition state leading to equatorial opening

is uncertain, detailed discussion on this point is unvarranted.
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PART III

THE HYUROLYTIC CLEAVAGE OF ACYLOXONIUM IONS

A.  The Hydrolysis of Acyloxonium Salts.

1. Introduction.

Winstein and Buckles, in their original work on the reaction of
silver acetate in acetic acid with trans-1,2-dibromocyclohexane and

Eggggfl-acetoxy-2-bromocyclohexane, found that in the presence of

vater, cis-monoacetates were the major products (5). Similarly treat-

ment of 2-methy1-gl§74,S-tetramethylene-l,3-dioxolenium tetrafluoro-

borate with moist acetic acid gave 2-acetoxycyclohexanol which was

99,5% cis, no trans-hydroxyester being detected (15). In none of these

hydrolytic cleavages of acyloxonium ions could mny stereochemistry be

assigned to the products other than that the hydroxyesters were cis.

0 H,0 /HOAC OH

\
+C—CHy —>
/

0 OCOCH3
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PART TII

THE HYDROLYTIC CLEAVAGE OF ACYLOXONIUM IONS

A.  The Hydrolysis of Acyloxonium Salts.

1. Introduction.

Winstein and Buckles, in their original work on the reaction of
silver acetate in acetic acid with Eggggrl,2-dibromocyclohexane and
gggggfl-acetoxy-2-bromocyclohexane, found that in the presence of
vater, cls-monoacetates were the major products (5). Similarly treat-
ment of 2-methy1-£1§74,5—tetramethylene-1,3-dioxolenium tetrafluoro-
borate with moist acetic acid gave 2-acetoxycyclohexanol which was
99.5% cis, no trans-hydroxyester being detected (15). In none of these

hydrolytic cleavages of acyloxonium ions could any stereochemistry be

assigned to the products other than that the hydroxyesters were cis.

0 HQO /HOAC OH
\
$C—CHy —>
o// QOCOCH3
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The hydrolysis of acyloxonium ions fused to rigid six-membered
rings couid in principle, yield two cis-hydroxyesters, one in which
the ester group is axial and one in vhich the ester group is equatorial.

L¥X and LXXI.

—> +
/ HO RCOO
0 OCOR OH
\¢.0
/ e
R XX L XX

Tt was anticipated, in the absence of any reasons to suspect other-
wise, that hydrolysis of such salts would yield mixtures of both hydroxy=-
esters in comparable amounts. However, as will be related below, it was
found that hydrolysis of acyloxonium salts, such as the sterold and dec-
alin anisoxonium hexafluoroantimonates, was highly stereospecific and

ylelded one cis-hydroxyester almost entirely.

2. Hydrolysis of acyloxonium salts.

As part of the proof of their structure the steroid cis-anisoxon-
{um salts XXXV and XXXVIII were hydrolysed to the corresponding hydroxy-
esters, which were then gaponified to give the cig-diols. The initial
hydq%lyses were carried out by treating a golution of the acyloxonium
salt in methylene chloride with dilute aqueous acetic acid. The products,

obtained in almost quantitative yleld, in both cases had Infrared spectra
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showing the expected bands for alcohol and ester groups. On examination

of either of the products by thin layer chromatography however, a rather
surprising result was observed, namely that in each case the material
consisted of almost entirely one compound, A small amount of a second
compound was visible, running ahead of the main product, but was present
in only trace amounts.

The first observations concerning the structure of these hydroxy-
anisates were made from the results of the thin layer chromatography
experiments, i.e. that the second material, present in trace amounts
and presumed to be the alternate isomer, ran faster than the major
product. It has been found in many cases, although not exclusively,
that a compound with an equatorial alcohol group will be eluted more
slowly than the same compound with an axlal alcohol group. Thus the
early indications were that the hydrolysis product, in each case, had
an equatorial hydroxyl group and thus would correspond to LXXII and
LXXITI respectively. That this expectation was correct was shown by
the following experiments.

Oxidation of either of the hydrolysis products obtained from
YXXV and XXXVIII gave in each case the corresponding keto-anlsates,
which vere then reduced with zinc and acetic acid. 5 a-Cholestan-2-one
(LXXVI) was the only cholestanone obtained from the hydrolysis product
of XXXV, and 5 a-cholestan-3-one (LXXVII) was the only cholestanone
obtained from the hydrolysis product of XXXVIIL. From these results

it follows that in each case the hydrolysis product corresponds to the
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showing the expected bands for alcohol and ester groups. On examination
of either of the products by thin layer chromatography however, a rather
surprising result was observed, namely that in each case the material
consisted of almost entirely one compound. A small amount of a second
compound was visible, running ahead of the main product, but was present
in only trace amounts.

The first observations concerning the structure of these hydroxy-
anisates were made from the results of the thin layer chromatography
experiments, i.e. that the gecond material, present in trace amounts
and presumed to be the alternate igomer, ran faster than the major
product. It has been found in many cases, although not exclusively,
that a compound with an equatorial alcohol group will be eluted more
slowly than the same compound with an axial alcohol group. Thus the
early indications were that the hydrolysis product, in each case, had
an equatorial hydroxyl group and thus would correspond to LXXII and
LXXIII respectively. That this expectation was correct was shown by
the following experiments.

Oxidation of either of the hydrolysis products obtained from
XXXV and XXXVIII gave in each case the corresponding keto-anisates,
which were then reduced with zinc and acetic ;cid. 5o-Cholestan-2-one
(LXXVI) was the only cholestanone obtained from the hydrolysis product
of XXXV, and 5o-cholestan-3-one (LXXVII) was the only cholestanone
obtained from the hydrolysis product of XXXVIII. From these results

it follows that in each case the hydrolysis product corresponds to the

e
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equatorial alcohol-axial ester, LXXII and LXXTII.

The a.m.r. spectra of these two hydroxyanisates were in excellent

agreement with the above conclusions. Hassner and Heathcock, from a
study of the n.m.r. spectra of steroids with axial and equatorial sub-
stituents have formulated the following rule, "the half-width (W 1/2)
of the bands due to equatorial protons is 5-10 ¢.p.s., while that for
axial protons is 15-30 c.p.s." (24). Thus LXXIT had an n.m.r. spectrum
with a broad band at 3.87 p.p.m. (W 1/2 20 c.p.s.) attributable to the
axial proton at C-2 and a narrow band at 5.29 p.p.m. (¥ 1/2 6 c.p.s.)
corresponding to the equatorial proton at C-3. Similarly LXXIII had

bands at 3.87 p.p.m. (W 1/2 22 c.p.s., axial C-3 proton) and 5.29 p.p.m.

(W 1/2 8 c.p.s., equatorial C-2 proton).

The decalin acyloxonium salts XXXITa and b behaved in the same

manner upon hydrolysis and gave an almost quantitative yield of the

cis-hydroxyesters LXXXIVa and b. The structures of these two compounds

were established in a similar manner to that above, i.e. by their n.m.r.

spectra which had a gimilar pattern with respect to the C-2 and C-3

protons ac found with the steroid hydroxyanisates (see Appendix II) and

also by saponification of each to the decalin cis-diol (LXXXV). Also as

noted before, a small amount of a second material running ahead of the

major product, was observed upon thin layer chromatography. In each case,

with both the steroid and decalin hydroxyesters, this trace of a second

product was found to have the same Rf value as the corresponding axial

alcohol-equatorial ester, 1.e. - LXXVITI, LXXIX and LXXXVIa, b.
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Quantitative thin layer chromatography showed that, if this second
material is the axial alcohol-equatorial ester, then in the case of
the steroid and decalin hydroxyanisates it 4s present in an amount
estimated at less than 0.5Z of product.

Base-catalysed hydrolysis of the acyloxonium salts ylelded the
same result as found for the acid-catalysed hydrolyses. Treatment of
a methylene chloride solution of the decalin anisoxonium salt with
aqueous 57 potassium hydroxide solution resulted in complete hydrolysis
of the acyloxonium salt and gave an almost quantitative yleld of 28-

hydroxy-98:10o-decalin-3g-yl p-anisate (LXXXIVa).

3. The acid-catalysed rearrangement of -the equatorial alcohol-

axial anisates.
It has been shown in the preceeding section that the hydrolysis
of cis-acyloxonium ions fused to rigid six-membered rings yields cis-
hydroxyesters in which the ester groups are axial. These products would'
appear to be derived from kinetic rather than thermodynamic control

since, of the two possible cis-hydroxyesters which could be formed, the

one with the ester group equatorial would be expected to be the more
stable. Thus if an equilibrium was set up between the two hydroxyesters
it would be anticipated that the axial alcohol-equatorial ester would

be favoured over the equatorial alcohol-axial ester.
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That this expectation was correct was demonstrated by the results
of the following experiments. When each of the hydroxyanisates LXXII,
LXXIII and LXXXIVa was refluxed in benzene with a small amount of D-10-
camphorsulphonic acid a mixture was obtained consisting of the start-
ing material plus the corresponding rearranged hydroxyanisate i.e.
LXXVIII, LXXIX and LXXXVIa. These mixtures were readily separable
by thin layer chromatography and in almost every case more of the
axial alcohol-equatorial ester than the equatorial alcohol-axial ester
was found.

Similarly, treatment of the hydroxyanisates LXXVIII, LXXIX and
LXXXVIa as above gave mixtures of the two possible hydroxyanisates
in which the axial alcohol-equatorial ester predominated. The
structures of the rearranged hydroxyesters were established by evidence
similar to that used for the corresponding equatorial alcohol-axial

esters. Fach gave a satisfactory analysis and had infrared spectra
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ing material plus the corresponding rearranged hydroxyanisate i.e.
LXXVIII, LXXIX and LXXXVIa., These mixtures were readily separable
by thin layer chromatography and in almost every case more of the
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Similarly, treatment of the hydroxyanisates LXXVIII, LXXIX and
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structures of the rearranged hydroxyesters were established by evidence
similar to that used for the corresponding equatorial alcohol-axial

esters. Each gave a satisfactory analysis and had infrared spectra

64

|
|
I




:':'.
&
%
3
¥
‘r .

65

showing the expected bands for alcohol and ester groups. Alkaline
hydrolysis gave, in each case, the corresponding cis-diol. Their n.m.r.
spectra were also consistent with their assigned structures, the axial
hydrogen on the carbon bearing the ester group appearing as a broad band
or multiplet at v 4.9 p.p.m., while the equatorial hydrogen on the carbon
bearing the alcohol group appeared as a narrow band at v 4.1 p.p.m.

It may be noted that, in these acid-catalysed rearrangements,
the results obtained represent only an apparent equilibrium. In each
rearrangement it was found that the D-10-camphorsulphonic acid was in-
volved in a reaction with the hydroxyanisate. Upon thin layer chroma-
tography of the product mixtures traces of a third compound, running
ahead of the hydroxyanisates, were observed. Also not all of the
starting material could be accounted for by the mixture obtained after
rearrangement, The relative amounts of the two possible hydroxyanisates
obtained in any one of the rearrangements depended somewhat on the
quantity of D-10-camphorsulphonic acid used. Thus 38-hydroxy-5o-
cholestan-28-yl p-anisate (LXXIII), which would have been expected to
rearrange quite readily due to the 1,3 interaction between the ester and

C-19 methyl group, under the conditions used, gave a mixture in which

the starting material predominated.

In one case, that of the rearrangement of 3B-hydroxy-98:10u—decalin—
28-yl p-anisate, this third material represented approximately one third

of the total product, and was investigated briefly. The infrared
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spectrum had absorption at 1745 em ! and 1710 e, Attempts to
crystallize this material failed and it was found later by thin layer
chromatography, eluting with a less polar solvent, that it consisted
of at least three compounds. These compounds were not investigated

further.

4, Oxidation of the sterold hydroxyanisates.

The structure of the hydroxyanisates obtained by hydroiysis of

the steroid anisoxonium salts was based on a) their n.m.r. spectra,
b) hydrolysis to cis-diol, and c) their oxidation and subsequent re-
duction to cholestan-2-one and cholestan-3-one respectively. It was
considered that a rearrangement might conceivably have occurred during
the oxidative step and consequently it was decided to isolate and
characterize the keto-anisates derived from both the primary hydrolysis
products (LXXII and LXXIII) and from the rearranged hydroxyanisates
LXXVIIT and LXXIX.

Initially it was anticipated that amn oxidizing agent involving
a strong acid might result in epimerizing the axial ester groups in
LXXIT and LXXIII, An account has recently been published on the use

of a mixture of dimethyl sulphoxide and acetic anhydride as an oxidizing

agent for alcohol groups and this mixture was claimed to have some ad-
vantages for the oxidation of sterically hindered hydroxyl groups and
also for the oxidation of sensitive compounds (40), Treatment of 38-
hydroxy-5o-cholestan-28-yl p-anisate (LXXIII) and 28-hydroxy-5 e-cholestan-

38-yl p-anisate (LXXIX) with this reagent gave high yields of the keto-
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anisates LXXV and LXXXI as the only products. However, oxidation of

2 o-hydroxy-5 o-cholestan-3 o-yl p-anisate (LXXII) with dimethyl sulphoxide
and acetic anhydride gave quite a different result. The crude product
had an infrared spectrum in accord with that of the expected keto-anisate,
showing no hydroxyl absorption and huving a band at 1710 cm.l.

Attempts to crystallize this material failed, and on examination by

thin layer chromatography it was shown to consist of two compounds
running quite close together. These two materials were separated by

thin layer chromatography, the fﬁster moving material being designated

as Praction A and the slower moving compound as Fraction B.

Fraction B had a correct clemental analysis and infrared spec-
trum expected for the keto-ester and its n.m.r. spectrum was also in
agreement with that expected for 5c-cholestan-2-one-3¢-yl p-anisate
(LXX1IV).

Fraction A comprised about one third of the total product from
the oxidation of LXXII with dimethyl sulphoxide and acetic anhydride.
The infrared spectrum was quite similar to that of 59%-cholestan-2-
one-30-y1 p-anisate and it was first concluded that this material
was the product of epimerization of the ester group, i.e. 5 e=cholestan-
2-one-38-yl p-anisate (LXXXI). However, Fraction A did not have the
same infrared spectrum, m.p. or rotation as LXXXI, and furthermore
its analysis did not agree with that expected from an anisoxycholestanone.
The n.m.r. spectrum was quite different from that of any of the other
keto-esters and showed, besides the presence of the gfmethoxyphenyl

group, two bands at 4.66 p.p.m. (W 1/2 11 c.p.s.) and 5.50 p.p.m.
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(W 1/2 8 c.p.s.). No other bands were found in the n.m.r. spectrum

apart from the saturated hydrocarbon absorption between 0.5 and 1.5
p.p.m. The two bands at 4.66 and 5.50 could be assigned to two equa-
torial protons, which would mean that the compound is substituted di-
axially. A Beilstein test proved negative, showing the absence of
halogen., A sodium fusion test for sulphur was also negative. This
oxidation 1s anomalous since of the four hydroxyanisates this was the
only one in which a large amount of secondary product was obtained.
Evidently some steric factor could be operating in this case. It
has been reported recently that methylthiomethoxy derivatives (CH3-
S-CHZ-O-) are formed upon oxidation of certain alcohols (41). A'
derivative of this type could be ruled out by the failure to detect
sulphur and by the n.m.r. spectrum which showed no absorption cor-
responding to the CH3-S— or -S-CHZ-O- groups. The acetoxymethyl
ether derivative‘(CH3CO-CH2-0-) of cholesterol has also been isolated
from the oxidation of the alcohol with dimethyl sulphoxide and acetic
anhydride (42) but a compound of this type would not fit the empirical
formula or the n.m.r. spectrum of Fraction A. At the present time no
structure—for this compound can be put forward.

Since the isolation of two compounds from the oxidation of
LXXII for a time confused the structural assignments, the oxidations
of the four hydroxyanisates were repeated using sodium dichromate and
sulphuric acid in acetone (Jones reagent). This procedure gave the

keto-anisates in quite high yields. Some epimerization was noted during

gl
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the oxidation of LXXII, a small amount (107) of LXXXI being isolated
in addition to the major product LXXIV. Upon oxidation of LXXIX

a gecond product, amounting to 30%, was isolated as well as the
expected oxidation product LXXVII. This second material was an oil
and could not be induced to crystallize. It may be noted that 5S¢
cholestan-3-one-28-yl p-anisate (LXXV) had a rather wide melting
point range, of v 8°, Despite purification by thin layer chroma-
tography and crystallization several times a sharp melting point
could not be obtained.

The four keto-anisates had satisfactory analyses, and their
infrared, n.m.r. and optical rotatory dispersion spectra were in
good agreement with their assigned structures. The rotatory dis-
persion spectra of the keto-anisates LXXIV, LXXV, LXXX and LXXXI
were in accordance with simple application of the octant rule (43),
in all cases positive Cotton effects being observed (fig. 4). With
both of the ketones with axial ester groups, the amplitudes of the
curves were considerably larger than those from the ketones with
equatorial ester groups. Due to the strong ultraviolet absorption
of the esters, a value for the amplitude of the axial keto-anisates
could not be obtained, however it was estimated that for the 3a and 28-
anisates LXXIV and LXXV the amplitudes were greater than 217 and 149
respectively. The corresponding values for the 20 and 3B-anisates
LXXX and LXXXI were 23 and 47. These results differ from those found

by Johnson and Williamson (44), who report that the amplitudes were greater
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for the equatorial keto-acetates (i.e, {LXXX and LXXXI, ReCH,) than for
the axial keto-acetates (LXXIV and LXXV, R-CH3). The spectra of the
keto-anisates were determined in methylene chloride while those of
the keto-acetates were run in methanol, and these spectra may not

be strictly comparable. However, the spectra were similar with regard
to the shifts of the first extrema on going from an equatorial to an
axlal substituent. With the ketones epimeric at C-3, the first ex-
tremun of the axial keto-anisate was 10 mp at longer wavelength than
the first extremum of the equatorial keto~anisate. This effect has
been observed in a series of 1ll-keto-12-acetates of bile acids and
sapogenins (45) and also with the 3-acetoxy-5c-cholestan-2-ones (44).
However, with the cholestan-3-one-2u and 28 p-anisates, the first ex-
tremum of the 2B-anisate was shifted by 5 mu to shorter wavelength
compared to the first extremum of the 2o-anisate. A similar shift
was found also by Johnson and Williamson who noted that the first
extremum of 2f-acetoxy-5a-cholestan-3-one was shifted 15 mu to shorter
wavelength compared to that of the 2o-acetate.

The n.m.r. spectra of all four keto-anisates were also quite
similar to those recorded for the corresponding keto-acetates (44).
Thus with 5o-cholestan-3-one-20ryl p-anisate (LXXX) the axial proton
at C-2 appeared as a quartet, as was found with the 2a-acetoxycholest-
anone. The spectra of the cholestan-2-one-3a and 38-p-anisates LXXIV
and LXXXI showed a similar pattern to those of the corresponding

acetates, the C-3 proton appearing in the Jo-anisate (LXXIV) as a

q
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N.MR. SPECTRA of the CHOLESTANE KETO-ANISATES(CDCla)
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narrow band, and as a broad, poorly resolved multiplet in the 38-
anisate LXXXI. The C-2 equatorial proton of cholestan-3-one-28-yl
p-anisate (LXXV) however, appeared as a poorly resolved triplet, in
contrast to the 2p-acetoxyketone in which the proton showed up as a
quartet. Johnson and Williamson, from the shift of the first extremum
in the rotatory dispersion spectra and from the quartet observed in the
n.m.r. of the C-2 hydrogen concluded that the cyclohexanone ring, in
the case of the 2B-acetoxyketone (LXXV, R = CH3), was deformed by the
1,3 interaction between the 28-ester group and the C-19 methyl group
of the steroid, and could be more properly represented as in a twist
conformation. Effects of a similar nature are also observed here with
the 2B-anisate LXXV.

The inter-relationship of two of these keto-anisates was shown
by the epimerization of LXXV to LXXX. Refluxing a solution of the 2p-
keto-anisate LXXV in benzene together with a gmall amount of D-10-

camphorsulphonic acid gave the 2o-keto anisate (LXXX).

B. The Acid-Catalysed Hydrolysis of Orthoesters.

1. Introduction
The acid-catalysed hydrolyses of orthoesters are currently be-

lieved to involve the formation of an intermediate carbonium ion such

as LXXXVII (46, 47).

¥
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LXXXVII

In 1943 Winstein and Buckles studied the reactions of cyclo-
hexene ethyl orthoacetate (VI) (6). Hydrolysis in wet ethanol and
in vet acetic acid gave 957 cis-2-acetoxycyclohexanol and 57 cis
1,2-cyclohexanediol. Acetolysis with acetic anhydride with or without
potassium acetate gave the trans-diacetate and treatment with p-
toluenesulphonic acid gave the 5;53572-acetoxycyclohexyl tosylate.
Reaction with hydrogen chloride or lithium chloride gave trans-2-
acetoxycyclohexyl chloride. All of these results are most readily

explained by the formation of the acetoxonium ion XII.

(0] CHs Q\
\C/ +\C —CH3
/
/N > ;
OEt
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Recently a study of the rate of hydrolysis of methyl ortho-

benzoate by n.m.r. spectroscopy has been reported (46). The authors
found first order rate constants for the disappearance of methoxy
protons, appearance of methyl protons of methanol and appearance of
methoxy protons of product and concluded that these results require
the rate determining step of the hydrolysis to be carbonium ion form-

ation.

If the hydrolysis of orthoesters guch as LXXXVIII, fused to a
rigid six-membered ring, proceeds via an intermediate dialkoxycarb-
onium ion then the same stereoselectivity that was found with the
hydrolysis of the acyloxonium salts ghould be observed. Consequently,
the preparation of some orthoesters of Eggggrdecalin-ZB:BB-dinl and

a study of their hydrolyses was undertaken.

2. The preparation of orthoesters.

The decalin orthoesters LXXXVIII a,b,c, were gynthesized by a
modified version of the method used by Buckles and Winstein in their
preparation of the cyclohexene ethyl orthoacetate (VI). This procedure
involves reaction of the diol and ethyl orthoester together with a small
amount of acia catalyst, and removal of the ethanol produced in the re-
action by distillation. Unfortunately this procedure, which had given
good yields in the case of the cyclohexene ethyl orthoester, did not

work very well with the decalin compounds. Even after prolonged heating

<y
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at high temperature only about 50 of the expected yield of alcohol

distilled over and the oily residue remaining was practically un-

distillable. When the reaction was carried out in a solution of
benzene however quite reasonable yields of decalin ethyl orthoformgte
LXXXVIIIa (65%), orthoacetate LXXXVIIIb (41%), and orthopropionate
LXXXVIIIc (827) were obtained. These compounds proved to be oils

and gave satisfactory analyses. Their infrared spectra showed no
hydroxyl bands and had strong absorption between 1000 cm.1 and

1200 cn”1,

In all of these orthoesters there exists the possibility of
isomerization about the ortho-carbon. In the n.m.r. spectrum of the
decalin orthoformate the formyl proton appeared as two separate peaks
at 5.73 and 5.80 p.p.m. in a ratio of 2:7. Both the methylene quartet
at 3.60 p.p.m. and the methyl triplet at 1.22 p.p.n. also appeared
to he superimposed upon other peaks, indicating that a mixture was

present, Similar effects were noted in the spectra of the ortho-

acetate and the orthopropionate, in both cases the multiplicity of
peats appears to indicate that mixtures were formed.
An attempt was also made to prepare the decalin methyl ortho-

benzoate (LXXXVIIId) from trans-decalin-cis-2,3-diol and methyl ortho-

i

5
[
%
-
x‘

benzeate, Using the same procedure as used for the other orthoesters

no orthobenzoate was obtained. After the solvent benzene had been

distilled off the thick oily residue remaining could not be distilled.

‘
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Under high vacuum and at high temperatures the only material that dis-
tilled over was a small amount of methyl orthobenzoate. Prolonged
heating resulted in a solid material condensing on the inside of the
still head, this proved to be the trans-decalin-cig=2:3-diol. The
infrared spectrum of the oily residue showed only slight hydroxyl
absorption, and also had small peak at 1710 cm_l. The carbonyl ab-
sorption seemed to indicate the presence of some hydrolysis product.
An attempt was made to purify this material by column chromatography
on basic alumina, but the material eluted with petroleun ether (35-60)

still showed carbonyl absorption in the infrared spectrum.

3. The acid-catalysed hydrolysis of orthoesters.

The hydrolyses of the orthoesters were carried out by treatment
of a methanol solution with aqueous acetic acid. With the orthoacetate
and orthopropionate an almost quantitative yleld of hydroxyester was
obtained. The products from the hydrolysis of these two compounds
were identified as the corresponding equatorial alcohol-axial esters '
by similar evidence te that used in the case of the products from the
hydrolyeis of the acyloxonium galts. Thus both products had infrared
spectra showing absorption for hydroxyl and carbonyl groups, and both'
gave correct analyses. The n.m.r. spectra, in both cases vere almost
identical to those of the hydroxyanisates with respect to the hydrogens

at C-2 and C-3. The hydroxyacetate ghowed a broad band at 3.77 p.p.m.
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(W 1/2 20 c.p.s.) and a narrow band at 5.17 p.p.m. (W 1/2 8 c.p.s.)

while the hvdroxypropionate had a similar pattern with a broad band

at 3.70 p.p.m. (W1/2 20 c.p.s.) and a narrow band at 5.13 p.p.m.
W 1/2 7 c.p.s.).

Thin layer chromatography of these products also gave results
similar to those obtained previously and showed in each case only a
trace of a second material apart from the main product.

Hydrolysis of the decalin orthoformate was first attempted by
treating a methanol solution with a small amount of aqueous hydro-
chloric acid (507). The major product from this reaction appeared to
be 98:100a-decalin-28:38~diol, i.e. complete hydrolysis had occurred.
When the hydrolysis was carried out in a similar manner to that of the
orthoacetate and orthopropionate an almost quantitative yield of
hydroxyester was obtained. The crude product was an oil, and had an
infrared spectrum with the expected peaks for hydroxyl and carbonyl
groups. However on examination of this material by thin layer chrom-
atography it was observed that the product appeared to be a mixture of
two compounds, running quite close together and present in almost equal
amounts. ‘iilere was also a continuous smear between the two spots. An
attempt was made to separate these two compounds by thin layer chroma-
tography, but the two fractions obtained from the thin layer plates
had infrared spectra identical to one another and to the original crude
hydrolysis product. Also, when each fraction was again subjected to

thin layer chromatography the same two spots were found as had been

4
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observed with the hydrolysis product. Attempts were made to separate

the two materials by thin layer chromatography on alumina but the
material showed only smears, with no separation.

A portion of the hydrolysis product, dissolved in pentane,
gave a white crystalline golid., This compound was shown to be 38-
hydroxy-98:10 ¢-decalin-28-yl formate (LXXXIXa) by the following ev-
idence: a) the material had the correct elemental analysis, b) the
n.m.r. spectrum showed the now familiar pattern for the protons at c-2
and C-3 of the decalin ring, ¢) the infrared spectrum showed peaks
corresponding to hydroxyl and carbonyl groups.

The infrared spectrum of this hydroxyformate was of interest
since it was noticed that it differed from the infrared spectrum of
the crude hydrolysis product in the reglon 900 cm-1 to 1100 cm-l. In
the spectrum of the hydrolysis product there were two extra peaks at
980 cm-l and 960 cm~l, and the peak at 1130 en~L vas of greater in-
tensity than in the spectrum of the pure hydroxyformate.

o the attempted separation of the original crude hydrolysis

Fro

product it appeared that the material isomerized upon gilica gel. This

idea was confirmed by the following experiment. A small amount of
3B—hydroxy-98:lOcrdecalin—ZB-yl formate was chromatographed upon the

silica gel plates, and the product recovered; the infrared spectrum

of this material was identical to that of the original hydrolysis pro-

duct, i.e. it contained the two extra peaks at 980 cm—1 and 960 en L,
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The hydroxyformate (LXXXIXa) was recovered unchanged when subjected to
the hydrolysis conditions thus showing that isomerization does not
occur at that step.

The hydrolysis of the decalin orthoformate was repeated and the
n.m.r. spectrum of the product showed clearly that a mixture of the
two possible hydroxyformates, LXXXIXa and XCa, was obtained. Thus
two bande at 3.70 p.p.m. and 5.22 p.p.m. were identical to those of
the equatorial alcohol-axial formate LXXXIXa; and the two bands at
4,07 p.p.m. and 4.87 p.p.m. can be assigned to the equatorial formate-
axial alcohol compound N6a (see fig. 5).

Some attempts were made to isolate XCa by fractional crystal-
1ization but no material could be isolated. Thus it would appear
that in the case of the decalin ethyl orthoformate a mixture of both
possible hydroxyformates was obtained; from the n.m.r. spectra of the
nixture slightly more of the equatorial alcohol-axial formate (LXXXIXa)
being formed.

Although the attempts to prepare the decalin methyl orthobenzoate
(LXXVIITd) had failed it was felt that the residue remaining after
the solvent benzene had been removed probably contained a high pro-
portion of the orthobenzoate, especially sincé the infrared spectrum
of this material showed little hydroxyl absorption. The preparation
was repeated and the oily residue was hydrolysed in a similar manner

to that of the other orthoesters. The product was ghown by thin layer
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chromatography to consist of a mixture of hydroxyester and unreacted

diol. These two materials were separated by column chromatography and
a 727 yield of 3B-hydroxy-98:100-decalin-28-yl benzoate (LXXXIVb) was
obtained. Also 187 of unreacted diol was recovered. The structure

of the hydroxybenzoate follows from its elemental analysis, infrared
and n.wm.r. spectra (fig. 6). The yileld of the hydroxybenzoate based
upon reacted starting material was 97.

In order to show that this hydroxybenzoate resulted from the
hydrolysis of an intermediate acyloxonium ion, the decalin-2R:38-diol
was esterified directly with one equivalent of benzoyl chloride. The
equatorial ester, 28—hydroxy-98:106—deca11n—38-y1 benzoate, LXXXVIb, was
obtained in 93% yield, based on reacted glycol. That the products
obtained from the hydrolysis of the orthoesters, LXXXVIIIb,c, and d
were those of kinetic control was demonstrated by the rearrangement
of each of the hydroxyesters, LXXXIXb,c, and LXXXIVb to the corresponding
axial alcohol-equatorial esters XCb, ¢ and LXXXVIb, by treatment with D-
10-camphorsulphonic acid in benzene. In each case the apparent equilib-

rium favoured the compounds with an equatorial ester group.

c. The Prevost Reaction

1. Introduction

The Prevost reaction involves the reaction of an olefin with
halogen and the silver salts of carboxylic acids. In a molar ratio of

1:1, iodine and a silver carboxylate react to form an acyl hypoiodite
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(%CI), but with a molar ratio of 1:2 a "Simonini complex" is formed.

The structure of this complex is unknown, but is usually formulated
as XCII (26).

RCOOAg

RCOOAg + 12 ——>  RCOOI + AgBr. >

XCI

RCOOI. RCOOAg XCII

Both the hypolodite and the "Simonini comples” serve as sources
of electrophilic iodine. Under anhydrous conditions the subsequent
reaction with olefin leads to a diester (XCII1), whereas in the
presence of water a hydroxyester (XCIV) is obtained (Woodward's
method (48)).

The mechanism of this reaction has been studied in some detail
and is summarized in scheme II (27). Addition of positive iodine to the
olefin followed by attack of carboxylate anion results in the form-
ation of an iodoester. Reaction of this iodoester with silver ion
leads to the intermediate acyloxonium ion which can then form the

products as depicted.

2
1. The "wet" Prevost reaction with 4 -Octalin.

Since the Woodward modification 1is merely the hydrolysis of an
acyloxonium ion then this reaction should, when carried out under
suitable conditions, show the same stereogspecificity as was found in

the hydrolysis of the acyloxonium galte and of the orthoesters. That
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this expectation was justified was shown by the reaction of iodine
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and silver acetate in moist acetic acid with A2-98:100rocta11n.
Column chromatography of the crude product gave a 797 yield of 38~

hydroxy-96:10 o~-decalin-2B-yl acetate (LXXXIXb).

D. Discussion of Results.

The results reported in the above sections on the hydrolysis
of acyloxonium salts, orthoesters fused to rigid six-membered rings
and of the wet Prevost reaction result in formation of the kinetically

controlled product and yield almost exclusively hydroxyesters with

P oanidapay

, the ester group in the axial position. There are two factors which
eYananaTe

may be involved in the hydrolysis reaction and which would account

Yot

for the observed stereospecificity. It may be noted that, except

in the case of the orthoformate, the stereospecificity is of high
b1 pfin

order. Even in the supposedly stereospecific diaxial ring opening
R TR M
of the cholestane-2,3-epoxides (a and B), significant amounts of the
i
equatorial bromohydrins were found. In the case of the hydrolysis of

the anisoxonium salts, quantitative thin layer chromatography shows
o that there is certainly less than 0.5% of the product with an equa-
torial ester group.

One factor which may be considered to account for the observed
stereospecificity 1s a possible difference in basicity between the two

ring oxygens. A difference in basicity between axial and equatorial

amines has been observed, with the equatorial amino group being more
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basic (49). By analogy it might be expected that the equatorial oxygen
of the dioxolane ring would be slightly more basic than the axial
oxygen. A similar explanation has been put forward to account for
the observed stereospecificity found with the hydrolysis of JaS50-
acetoniun-68-substituted chloestane salts (50). Hydrolysis of these
compounds yields the 3a-hydroxy-5o-acetate exclusively and it was
suggested that this stereospecificity was due to preferential pro-
tonation of the 3o-oxygen. In this series of compounds, an electron
withdrawing substituent is present at the 68 position and the author
felt that this would cause a reduction of electron density at the 5o
oxygen, thus favouring the 3 croxygen with respect to protonation.
In the series of compounds studied here, no such inductive effects
are present.

If protonation of the oxygens of the hydroxydioxolane ring were
the deciding factor and all other effects remained the same, then a
faster rate of formation of the axial ester would always be expected.
However this does not seem to be the case since with the decalin ortho-
formate an almost equal amount of both possible hydroxyformates is
produced.

The second factor could be the energy of the replusive non-

bonding interactions which arise in the opening of the ring to

.:
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form the equatorial ester. If one considers the transition state

leading to ring opening with formation of the equatorial ester
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(1.e. XCV or XCVI) it may be seen that a strong non-bonding inter-

action could arise between either the incipient carbonyl oxygen
(XCV) or the R group (XCVI) and the nearest cis-axial hydrogen.
However, in the transition state leading to the axial ester, thesge
interactions would be greatly reduced, especially since the bond
between the partially formed carbonyl group and equatorial oxygen
is lengthening, with the result that the partially formed ester
group 18 moving away from the cis-axial hydrogen (XCVII and XCVIII).
That this steric interaction plays an important part in deter-
nining the stereochemistry of the products is well supported by the
results found with the hydrolysis of the decalin ethyl orthoformate.
Here R is H, and it would be expected that in the transition state
(XCVI) the non-bonding interactions would be reduced, due to the
smaller size of hydrogen, and thus a greater proportion of equatorial

ester would be expected. This is exactly what is found to occur.




PART IV
EXPERIMENTAL

Unless otherwise stated, the following are implied:petroleum
ether refers to the fraction of b.p. 30°-60°, rotations and infrared
spectra were determined 1n chloroform solution. Melting points, which
were determined on a Kofler hot stage, and boiling points are uncorrected.
The infrared spectra were determined on either a Beckman IR-5 or IR-10
instrument, the peak positions are quoted in wave numbers. The n.m.r.
spectra were determined in deuteriochloroform, unless otherwise stated,
on a Varian A-60 spectrometer; the chemical shifts are reported in p.p.m.
downfield from the tetramethylsilane signal. Optical rotary dispersion
and ultraviolet spectra were determined on a Jasco model 0.R.D./U.V.5.
spectrophotometer. Thin layer chromatography (abbreviated to T.L.C.) wvas
carried out using Camag silica gel D.F.5 or where appropriate Merck
aluminium oxide G. The refractive indices were determined with a
thermostatically controlled Bausch and Lomb refractometer. Micro-
analyses were performed by Dr. A. Bernhardt, Microanalytisches Labora~
torium, Milheim (Ruhr), Germany and A.B. Gygli, Toronto, Organic extracts

were dried with anhydrous magnesium sulphate.

91




NI

92

Preparation of Acyloxonium Hexafluoroantimonates

The general procedure used was gimilar to that used by C.B. Anderson
(1). A known amount of diaxial bromo-ester in nitromethane was treated
with an equimolar quantity of gilver hexafluoroantimonate (Alfa Inorganics
Inc. Beverly, Mass. U.S.A.). After standing overnight at room temper=
ature the reaction mixture was filtered and the filtrate evaporated
under reduced pressure at room temperature. The residue was dissolved
in a minimum quantity of methylene chloride and crystallization effected
by the addition of anhydrous ether; The product was collected by fil-
tration and dried under high vacuum. All of the above steps were carried
out in a dry box containing phosphorous pentoxide and filled with nitrogen;
in all the experiments involving these acyloxonium salts all wveighings
and transfers were carried out in a dry box.

The preparation of the steroidal acyloxonium salts differed in one
respect from the preparation of the decalin salts. Due to the low sol-

ubility of the steroid bromoesters it was found necessary to heat the

reaction mixture at 50°.

50-Cholestan-2 & 3 a-p-anigoxonium hexafluoroantimonate (XXxv)

ZB—Bromo-Sorcholestan-3u—yl-gfanisate (1.0g) was treated overnight
with silver hexafluoroantimonate (0.57¢) in nitromethane (10m1) at 50°s
The product was isolated as described above. Crystallization from meth-
ylene chloride:ether gave 5 a-cholestan-2 & Ja-p-anisoxonium hexafluoro-

antimonate (0.7g), m.p. 196°-198° (sealed capillary tube), [a]D +21°
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cH,Cl
2 L3
(CHyCLy), ¥ 50 2 658. Calculated for c35a5303sbr6. C, 55.40; H, 7.0,

Found: C, 55.42; H, 7.0, The n.m.r. spectrum showed signals at 0.83
(singlet), 4.0 (singlet), a broad multiplet centred at 5.77 and a
quartet centred at 7.75 (JAB 9 ¢.p.8., GB-GA = 66 c.p.s.). These peaks
vere assigned to the C-19 methyl groupf the phenylmethoxy group, the
-2 and C-3 hydrogens (axial and equatorial) and to the phenyl hydro-

gens respectively.

5a-Cholestan=-28:38-p-anisoxonium hexafluoroantimonate (XXXVIIIa)

3a-Bromo-50-cholestan-28-yl p-anisate (1.82g) was treated with
silver hexafluoroantimonate (1.07g) in nitromethane (10ml) as described
above. Crystallization from methylene chloride:ether gave 5o-cholestan-
28:38-p-anisoxonium hexafluoroantimonate (1.31g), m.p. 188°-189° (sealed
CH2012
- [ ]
capillary tube), [0} D 74 (CHZCIZ), Y nax 660. Calculated for

CygH 03SbF6: C, 55.40; H, 7.0, Found: C, 54.95; H, 6.87. The n.m.r.

53
spectrum showed peaks at 0.87 (singlet) and 4.03 (singlet), a broad
unresolved multiplet centred at 5.82 and a quartet at 1.15 (JAB 9 c.p.se
GB-GA = 66 c.p.s.). These bands were assigned to the C-19 methyl group,
the phenylmethoxy group, the C-2 and C-3 hydrogens (equatorial and axial)

and to the phenyl hydrogens respectively.

* The assignment of the C-19 methyl peak position followed from the
obgervation that it was only methyl peak whose position changed in the
various ring A derivatives. The other methyl peaks appeared at 38, 48
and 54 c.p.s. downfield from the tetramethylsilane signal, and since

these peaks did not change with the ring A substituents, they are not

recorded.

|
|
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5 o-Cholestan-28:38-benzoyloxonium hexafluoroantimonate. (XXXVIIIh)

A solution of 3o-bromo-5o-cholestan-28-yl benzoate (1.07g) in
nitromethane (15m1) was treated with silver hexafluoroantimonate (0.57g)
for 12 hours at 50°. The product was isolated as described above.
Crystallization from methylene chloride:ether gave 5o-cholestan-2B:38-
benzoyloxonium hexafluoroantimonate (0.85g), m.p. 140°-141°, [a]D -28°
(@,c1,). T2 660, calculated for Oyl 0,SbF: G, 56.12; K, 7.07.

Pound: C, 55.45; H, 6.68.

98:100-Decalin-28: 38-p-anisoxonium hexafluoroantimonate, (XXXIIa)

28-Bromo-98:10 o-decalin-36-yl p-anisate (1.93g) was treated with
ailver hexafluoroantimonate (1.8g) in nitromethane (16ml) as above.
Crystallization from methylene chloride:ether gave 98:10a-decalin-28:38~
p-anisoxonium hexafluoroantimonate (2.15g), m.p. 178°-179° (sealed
capillary tube), vczgilz 655. Calculated for C18H2303SbF6: C, 41.32;
H, 4,43 Found: C, 40.92; H, 4.61. The n.m.r. spectrum (CD2012) had
a peak at 4.02 (singlet), an unresolved multiplet at 5.78 and a quartet
at 7.75 (JAB 9 c.p.S.y GB-GA = 66 c.p.8.). These bands were assigned
to the phenylmethoxy group, the C-2 and C-3 hydrogens (equatorial and

axial) and the phenyl hydrogens respectively.

98:10 e-Decalin-28: 38-benzoyloxonium hexafluoroantimonate (XXXI h)

28-Bromo-98:10o-decalin-3 -yl benzoate (1.0g) was treated with
silver hexafluoroantimonate (1.0g) in nitromethare (10ml1), as described

above, Crystallization from methylene chloride:ether gave 98:10 o~decalin-

gy
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28:38-benzoyloxonium hexafluoroantimonate (1.24g), m.p. 1462°-144°

(sealed capillary tube). Calculated for 017H21028bF6: C, 41.41;

H, 4.30. Pound: C, 41.49; H, 4.32. vc:iilz 655. The n.m.r.

(CDZCIZ) had an unresolved multiplet centred at 5.89 and a complex

miltiplet centred at 8.08. These signals were assigned to the C-2 ‘
and C-3 hydrogens (equatorial and axial) and the phenyl hydrogens re- |

gpectively.

Reaction of Acyloxonium 8alts with Halide Jon

Reaction of 50-Cholestan-2&3 o-p-anisoxonium hexafluoroantimonate

with bromide ion in methylene chloride.
A solution of the salt (250 mg) in methylene chloride (10ml) was

treated with tetraethylammonium bromide (670 mg). After standing for
1 hour at room temperature the reaction nixture was diluted with ether
and washed several times with water, dried and the solvent removed
under reduced pressure, The product (197 mg), [u]D 0°*, was shown
by T.L.C. (benzene) to consist of two compounds corresponding to the

diaxial (Rf 0.53) and the diequatorial (Rf 0.56) bromoanisates. The

infrared spectrum showed also that a mixture had been obtained.

Analysis of products by infrared spectroscopy

The following spectra were determined on a Beckman IR-5A spec-
tometer equipped with cesium bromide optics and using potassium bro-
mide cells. The diaxial bromoester, 28-bromo=->5 o-cholestan-3 eyl

p-anisate had absorption at 695 (m) while the diequatorial bromoester,

38-bromo=5 o-cholestan-2 a-yl p-anisate had absorption at 695 (w) and ‘
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714 (m). The product from the reaction above was dissolved in CS

2

to give a suitable concentration and the infrared spectrum taken be-
tween 800 and 600 cmnl. Mixtures of the diaxial and diequatorial
bromoanisates were prepared and dissolved in CS2 to give the same
concentration as that of the product, and their infrared spectra in

the same region were determined. From a comparison of the peak heights
at 714 and 695 it was concluded that the product contained approximately

68% diequatorial and 327 diaxial bromoanisate.

Reaction of 50-Cholestan-28:38-p-anisoxonium hexafluoroantimonate

with bromide ion in methylene chloride.
A solution of the salt (154 mg) in methylene chloride (10ml) was

treated with tetraethylammonium bromide (500 mg) for 30 minutes as
described above. T.L.C. (CcH) showed the product to be almost entirely
diaxial bromoanisate with a small amount of material at the origin (most
likely hydrolysis product). The product was purified by T.L.C. (C6H6),
being detected by ultraviolet light. The product (101 mg), [0!]D + 34°,
had an infrared spectrum almost identical with that of 3o-bromo-5o-
cholestan-28-yl p-anisate. Crystallization from methylene chloride:
pentane gave 3o-bromo-5o-cholestan-2f-yl p-anisate identified by m.p.,

nixed m.p. and infrared spectrum.

Analysis of reaction product.

(a) T.L.C. The two bromoesters could not be separated very easily by

T.L.C. In most solvent compositicons used for T.L.C. the product showed
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only one spot. However, multiple elution in benzene (7x) showed the

product to consist of two materials corresponding to the diaxial and
diequatorial bromoanisates, with only a trace of the diequatorial com-
pound being present.

(b) Infrared In a second experiment the anisoxonium salt (297 mg)
gave, on treatment with tetraethylammonium bromide in methylene chloride,
229 mg of product, which was dissolved in CSZ to give a suitable con-
centration. The infrared spectra were determined on a Beckman IR-3A
spectrometer equipped with cesium bromide optics and using potassium
bromide cells. In the infrared spectrum of the diequatorial bromo-
anisate, 2o-bromo-5o~cholestan-38-yl p-anisate, there was a peak at

716 cm"1 (w) which did not appear in the spectrum of the diaxial bromo-
ester, 3o-bromo-5o-cholestan-26-yl p-anisate. Mixtures of the diaxial
and diequatorial bromoanisates were prepared and dissolved in CSy to
give same concentration as that of the product. From the intensity

of the peak at 716 ¢:m'1 in the infrared spectra of the mixtures of
diaxial and diequatorial bromoanisates and in the spectrum of the
product, it was estimated that there was less than 3% of the diequa-

torial bromoanisate present in the reaction product.

Reaction of 5o-Cholestan-2a:3 c-g-anisoxonium hexafluoroantimonate with

bromide jon in acetonitrile.

The anisoxonium salt (225 mg) was treated with tetraethylammonium
bromide (630 mg) in acetonitrile (10ml1) for 1 hour as described above.

The product, [a]D 0°, had an infrared spectrum (cs,), in the reglon
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800 to 600 cm™! which corresponded to the same product composition

as obtained above i.e. 687 diequatorial and 32% diaxial bromoanisates.

Reaction of 5a-Cholestan-2 3 o-p-anisoxonium hexafluoroantimonate
with bromide ion in nitromethane.

The salt (0.23g) was treated with tetraethylammonium bromide
(0.59g) in nitromethane (10ml) for 23 hours at room temperature as
previously described, and gave 164 mg of bromoanisate mixture [u]D + 5%,
The infrared spectrum (CSZ) corresponded to a product composition of

607 diequatorial and 40% diaxial bromoanisate.

Reaction of 98:100-Decalin-28:38-p-anisoxonium hexafluoroantimonate

with bromide ion in methylene chloride.
A solution of salt (0.26g) in methylene chloride (10ml) was

treated with tetraethylammonium bromide (1.05g) for 1 hour at room
temperature as described above. The product (0.18g) had an infrared
spectrum almost identical with that of 28-bromo-98:10 o-decalin-3 oyl
p-anisate. T.L.C. [benzene:cyclohexane (1:1)], after two elutions,
showed two compounds corresponding to the diaxial (Rf 0.44) and di-
equatorial (Rf 0.35) bromoanisates, with only a trace of the diequa-
torial bromoester being present. Crystallization from petroleum ether

gave 2B-bromo-98:10a~decalin-3o-yl p-anisate, identified by m.p., mixed

m.p. and infrared spectrum.
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Analysis of reaction product by T.L.C.

The crude product from above was dissolved in chloroform (0.7ml).
Mixtures of the diaxial and diequatorial bromoanisates were prepared
and dissolved in chloroform to give the same concentration as that of
the product. A standard number of drops of each solution were applied
to T.L.C. plates which were then eluted twice with benzene:cyclohexane
(1:1). The plates were sprayed with 30% sulphuric acid and charred,
and the intensities of the spots compared. By this method it was es-

timated that the amount of diequatorial bromoanisate was approximately

57.

Reaction of 98:10a-Decalin-28:38-p-anisoxonium hexafluoroantimonate with

chloride ion in methylene chloride.

A solution of the salt (95 mg) in methylene chloride (10ml) was
treated with tetraethylammonium chloride (350 mg) for 30 minutes at
room temperature. T,L.C. [benzene:cyclohexane (1:1)) after two elutions,

showed the product (54 mg) to consist of almost entirely diaxial

chloroanisate together with a small amount of the diequatorial compound.
Crystallization from methylene chloride:methanol gave 28-chloro-98:10¢-

decalin-30-yl p-anisate (38 mg) identified by m.p., mixed m.p. and

infrared spectrum.

Analysis of reaction product by T.L.C.

The crude product (54 mg) from the above reaction was dissolved
in chloroform (0.5ml). Mixtures of the diaxial and diequatorial chloro-

anisates were prepared and also dissolved in chloroform to give the same
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Analysis of reaction product by T.L.C.

The crude product from above was dissolved in chloroform (0.7ml).
Mixtures of the diaxial and diequatorial bromoanisates were prepared
and dissolved in chloroform to give the same concentration as that of
the product. A standard number of drops of each solution were applied
to T.L.C. plates which were then eluted twice with benzene:cyclohexane
(1:1). The plates were sprayed with 307 sulphuric acid and charred,
and the intensities of the spots compared. By this method it was es-
timated that the amount of diequatorial bromoanisate was approximately

5%,

Reaction of 98:10 c-Decalin-28:38-p-anisoxonium hexafluoroantimonate with

chloride ion in methylene chloride.
A solution of the salt (95 mg) in methylene chloride (10ml) was

treated with tetraethylammonium chloride (350 mg) for 30 minutes at

room temperature. T,L.C. [benzene:cyclohexane (1:1)] after two elutioms,
showed the product (54 mg) to consist of almost entirely diaxial
chloroanisate together with a small amount of the diequatorial compound.
Crystallization from methylene chloride:methanol gave 28-chloro-98:100~
decalin-30-yl p-anisate (38 mg) identified by m.p., mixed m.p. and

infrared spectrum.

Analysis of reaction product by T.L.C.

The crude product (54 mg) from the above reaction was dissolved
in chloroform (0.5ml)., Mixtures of the diaxial and diequatorial chloro-

anisates were prepared and also dissolved in chloroform to give the same

“—y
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concentration as that of the product, A standard number of drops of

each solution (from the same dropping pipette) were applied to T.L.C.

plates, which were then eluted with benzene:cyclohexane (1:1) four
times. The plates were charred and the intensities of the spots com-
pared. By this method it was estimated that the amount of diequatorial

chloroanisate was about 6% of the product.

Reaction of 5c¢-Cholestan-28:38-benzoyloxonium hexafluoroantimonate

with bromide ion in methylene chloride.

A solution of the benzoyloxonium salt (250 mg) in methylene chloride
(15m1) was treated with tetraethylammonium bromide (1.0 g) for 1 hour
at room temperature. The product (182 mg) showed one spot upon thin
layer chromatography [benzene] and had an infrared spectrum almost
identical with that of the diaxial bromobenzoate. Crystallization from
ether:methanol gave 3e-bromo-50-cholestan-28-yl benzoate (140 mg),
m.p. 115°-116°, mixed m.p. with authentic sample 114°-115°, [a]D + 51°,

The infrared spectrum was identical with that of an authentic sample.

Reaction of Fpoxides with Hydrobromic Acid.

1) 2:3-Epoxy-98:10a-decalin

A solution of the epoxide (198 mg) in methylene chloride (20ml) was
shaken with 48% aqueous hydrobromic acid (5m1) for 5 minutes. The methyl-
ene chloride solution was washed with dilute solutions of sodium bisulphite

and sodium bicarbonate, water, dried and then evaporated. The residue (279 mg)

T
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was dried under high vacuum.

On silica gel thin layer chromatography [benzene:ether (1:1)]

it vas found that the diaxial and diequatorial bromohydrins had the ;
same Rf value. If the T.L.C. plate was developed with iodine vapour,

the diequatorial bromohydrin showed up, but the diaxial did not develop.

With the product from the reaction a small amount of the diequatorial

material was detected using this method. On alumina thin layer chrom-

_____ atography [ether:methanol (98:2)], separation of the bromohydrins was

achieved, with the diequatorial compound moving slower than the diaxial ‘

material. In the product from the epoxide opening reaction a small

amount of the diequatorial bromohydrin was again detected, but owing to
the poor development, on charring, no estimate of the amount of this

compound could be made.

Jo-Cholestan-2 & 3 o-epoxide.
(11) The epoxide (99 mg) in methylene chloride (30ml) was treated with

aqueous hydrobromic acid as described above (1). T.L.C. [benzene:ether

g

(9:1)] showed the product (115 mg) to consist of a mixture of the cor-
responding diaxial and diequatorial bromohydrins (Rf 0.38 and 0.55)

with only a small amount of the diequatorial material being present.

IS o B PR TSR s e s 7

5o-Cholestan-28:38-epoxide

(111) The epoxide (104 mg) in methylene chloride was treated as above (1).

The residue (122 mg) was shown by T.L.C. [benzene:ether (9:1)] to be
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a mixture of the two possible bromohydrins, again only a small amount
of the diequatorial compound being detected. In this case the diequa-
torial bromohydrin (2e-bromo-50-cholestan-3g-ol) ran slower (Rf 0.39)

than the diaxial bromohydrin (Rf 0.49),

Analysis of Product Mixtures

The analyses of the products from (ii) and (111) were carried
out by quantitative thin layer chromatography in a similar manner to
that described for the analysis of the decalin bromoanisate mixtures.
For 5a-cholestan-2 oe3a-epoxide the product mixture was estimated to
consist of 957 of diaxial and 5% diequatorial bromohydrins. For 50-
cholestan-28:38-epoxide the product was estimated to contain 977

diaxial and 37 diequatorial bromohydrins.

Reaction of Acyloxonium Hexafluoroantimonates with Carboxylate Anions.

Reaction of 98:100rDecalin—28:3B-benzovloxonium hexafluoroantimonate

with benzoic acid and N,N-diisopropylethylamine.

N,N-diisopropylethylamine (131 mg) (Fluka AG. Buchs SG. Switzer-
land) was dissolved in methylene chloride (2.5ml) and added to a sol-
ution of benzoic acid (128 mg) in methylene chloride (2.5m1). To the

resulting mixture was added the decalin benzoyloxonium salt (100 ng)

and the solution was stood at room temperature for 24 hours. The re-

action was washed several times with water, dried and the solvent evap-

orated. T.L.C. (benzene) showed two spots corresponding in R, values

y
:
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to the diaxial and diequatorial dibenzoates with only a small amount

of the diequatorial compound being present. These two materials were
separated by T.L.C. eluting with benzene and gave 98:100-decalin-2a:
.3B-diol dibenzoate (7 mg), crystallized from ether:methanol and identi-
fied by m.p., mixed m.p. with authentic sample and infrared spectrum;
and 9B:10 e-decalin-28:3 o-diol dibenzoate (48 mg), crystallized from

ether:methanol and identified by m.p., mixed m.p. with authentic sample,

and infrared spectrum.

Reaction of 98:10a-Decalin-28:3B-p-anisoxonium hexafluoroantimonate

with N,N-diisopropylethylamine and trifluoroacetic acid.

N,N-diisopropylethylamine (125 mg) in methylene chloride (2.5ml)
was added to a solution of trifluoroacetic acid (113 mg) in methylene
chloride (2.5ml). To the resulting solution the decalin anisoxonium
salt (100 mg) was added and the reaction was stood at room temperature
for 36 hours. The solution was washed several times with water, dried
and the solvent evaporated. T.L.C. (benzene) showed the product (49 ag)
to consist of almost entirely one compound together with a trace of a
second compound, both being visible under ultraviolet light. Crystal-
lization from pentane gave 98:10 o-decalin-28-yl p-anisate-3a-yl tri-
fluoroacecate, m.p. 66°-68°. Calculated for C20H2305F3: C, 59.99;

H, 5.79. Found: C, 59.81; H, 5.87. Vpox 1780, 1710, The n.m.r.

spectrum showed peaks at 3.83, 5.25 (2H, multiplet, W 1/2 5 c.p.s.)

and 7.43 (quartet, J, 9 C.p.S., § -6 = 63 c.p.s.). These absorptions
B

AB A
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were assigned to the phenylmethoxyl group, C-2 and C-3 hydrogens (both

diequatorial) and the phenyl ring hydrogens respectively.

Acid catalysed hydrolysis of Acyloxonium Hexafluoroantimonates

General Procedure:

A solution of the acyloxonium salt in methylene chloride (10ml)
was shaken with aqueous acetic acid (10ml, 10Z) for several minutes.
The reaction mixture was then washed with dilute sodium bicarbonate

solution, water, dried and the solvent evaporated under reduced pressure.

5 o-Cholestan~28: 38-p-anisoxonium hexafluoroantimonate.
A solutfon of the salt (250 mg) in methylene chloride was treated

as above. T.L.C. [ether:benzene (1:1)] showed the product (180 mg) to
congist of almost entirely one compound (Rf 0.64) together with a trace
of a second compound (Rf 0.85), both spots being visible under ultra-
violet light as well as on charring. Crystallization from acetone:pe-
troleum ether gave 3f-hydroxy-5o-cholestan-28-yl p-anigate, m.p. 132°-
133°, [o]D - 22¢, Voax 3570, 1700, Calculated for 035H540a: c, 78.01;
H, 10.10. Found: C, 77.73; H, 9.95. The n.m.r. spectrum had bands
at 0,98 fsinglet), 2.48 (singlet; OH), 3.78 fsinglet), a broad band at

3,87 (W 1/2 22 c.p.s.), a narrow band at 5.29 (W 1/2 8 c.p.s.) and 7.38

(quartet, JAB 9 ¢.p.s. GB-GA = 65 c.p.8.)., These bands were assigned

to the C-19 methyl group, the hydroxyl group, the phenylmethoxyl group,

C-3 hydrogen (axial), C-2 hydrogen (equatorial) and the phenyl ring

hydrogens respectively.
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5 o-Cholestan-2 & 3 o-p-anisoxonium hexafluoroantimonate.

A solution of the salt (370 mg) in methylene chloride was treated

as described above. T.L.C. [ether:benzene (1:1)] showed the product

(255 mg) to consist of almost entirely one compound (Rf 0.54) together

}
i
i
i
{

with a trace of a second compound (Rf 0.64), both being visible under

ultraviolet light as well as upon charring. Crystallization from acetone:
water gave 2orhydroxy-5o-cholestan-3o-yl p-anisate, m.p. 146°-148°,

[o] + 45°, vy 3580, 1700. Calculated for Cygh ¢, 78.01; H, 10.10.

54%4°
Found: C, 77.68; H, 10.08. The n.m.r. spectrum contained signals: at

ot e O R MR RR T ~ IT

0.82 (singlet), 2.47 (singlet; OH), 3.80 (singlet), a broad band at
3.87 (W 1/2 20 c.p.s.), a narrow band at 5.29 (W 1/2 6 c.p.s.) and a i
quartet at 7.41 (JAB 9 c.p.8., GB-GA = 65 c.p.s.). These signals were
e assigned to the C-19 methyl group, the hydroxyl group, the phenylmethoxy
group, the C-2 hydrogen (axial), the C-3 hydrogen (equatorial) and to

the phenyl hydrogens respectively.

5 e-Cholestan-28: 38-benzoyloxonium hexafluoroantimonate.

A solution of salt (180 mg) in methylene chloride (10ml) when

treated with aqueous acetic acid as described above gave 143 mg of pro-

{;
E
k.

duct, nax 3570, 1715. This material was not characterized but was
saponified directly by dissolving in methanol (25m1) and ether (10ml)

and treatment with potassium hydroxide (1.0g) overnight. The reaction

was poured into water and extracted with ether; the ether extracts were

washed several times with water, dried and evaporated. Crystallization
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of the product (78 mg) from chloroform:methanol gave 5e-cholestan-

28:38-diol, m.p. 178°-179°, [a]D + 44°, Reported m.p. 174°-177°,

[a]D + 43°%, The m.p. was undepressed upon mixture with an authentic

sample of the diol.

92:10 o-Decalin-28:3B-p-anisoxonium hexafluoroantimonate.

A solution of the salt (500 mg) in methylene chloride was treated
with aqueous acetic acid as outlined above. T.L.C. [ether:benzene (1:1)]
showved the product (286 mg) to consist of almost entirely one compound
R, 0.32) together with a trace of a second compound (R, 0.50). Crys-
tallization from ether:petroleum ether gave 3p-hydroxy-98:10 e-decalin-
28-yl p-anisate, m.p. 92°-94°, Viax 3580, 1700, Calculated for
C18H2404: ¢, 71.03; H, 7.95. Found: C, 70.90; H, 7.87. The n.m.r.
spectrum showed bands at 2.88 (singlet, OH), 3.71 (broad band, W 1/2
21 c.p.s.) 3.77 [singlet), 5.30 (narrow band, W 1/2 7 c.p.s.), and 7.39
(quartet, J,q 9 C.PeBsy GB—GA = 65 c.p.s.). These bands were assigned
to the C-3 hydroxyl group, the C-3 hydrogen (axial), the phenylmethoxy

group, the C-2 hydrogen (equatorial) and to the phenyl hydrogens

respectively.

98:10u~0ecalin-28:3B—benzovloxonium hexafluoroantimonate.

A solution of the benzoyloxonium salt (100 mg) in methylene
chioride (10ml) was treated with aqueous acetic acid as described

above. T.L.C. [benzene:ether (1:1)] showed the product (52 mg) to be

almost entirely one compound. Crystallization from ether:pentane
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gave 3B-hydroxy-98:10c-decalin-28-yl benzoate, m.p. 105°-107°.

Calculated for CI7H2203: C, 74.40; H, 8.09. Found: C, 74.34; 3

H, 7.83. Vnax 3600, 1705. The n.m.r. spectrum had signals at

2,40 (singlet, OH), 3.78 (broad band, W 1/2 21 c.p.s.), 5.37 (narrow
band, W 1/2 7 c.p.s.), 7.42 and 8.05 (both multiplets). These signals
were assigned to the C-3 hydroxyl group, the C-3 hydrogen (axial), the

C-2 hydrogen (equatorial), and the phenyl hydrogens respectively.

Reaction of 98:10¢-Decalin-28:38-p-anisoxonium hexafluoroantimonate

with base.

Potassium hydroxide.
A solution of the decalin anisoxonium salt (200 mg) in methylene

chloride (ifml) was shaken with aqueous potassium hydroxide solution
(10ml; 57) for 2 minutes. The methylene chloride was waghed several
times with water, dried and evaporated under reduced pressure. T.L.C.

[benzene:ether (1:1)] showed the product to consist of one compound

!

with the same R. value as 28-hydroxy—98:100hdeca11n—38—y1 p-anisate.

f

Crystallization from ether:petroleum ether gave 2B-hydroxy-98:10¢-

decalin-3g-yl p-anisate (112 mg) identified by m.p., mixed m.p. with

authentic sample and infrared spectrum.

Hydrolysis of Anisoxonium Hexafluoroantimonates and analysis of the

products by T.L.C.

A known amount of the particular anisoxonium salt in methylene

chloride was treated with aqueous acetic acid as described previously.
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The product was dissolved in chloroform to give a suitable concen-
tration. Standard mixtures of the two possible hydrolysis products
were prepared, i.e. of the equatorial alcohol, axial anisate and axial
aleohol, equatorial anisate compounds, and were dissolved in chloro-
form to give the same concentration as that of the hydrolysis product.
A standard number of drops of each solution (from the same dropping
pipette) were applied to T.L.C. plates and which were eluted with
ether:benzene (1:1). The plates were sprayed with 307 sulphuric acid
and charred, and the intensities of the resulting spots were compared.
For the 5a-cholestan-2 o2 3o-p-anisoxonium, 5o-cholestan-28: 3g-p-
anisoxonium and 98:100-decalin-28:38-p-anisoxonium salts the amount

of axial alcohol-equatorial ester was estimated at less than 0.57% of

the product.

Alkaline hydrolyses of Hydroxvanisates.

General Procedure.

A solution of the hydroxyanisate (50-100 mgm) and potassium

hydroxide (200-300 mgm) in methanol (5ml) and ether (1ml) was stood

overnight at room temperature. The reaction mixture was diluted with

water and extracted with ether. The ether extract was washed several

times with water, dried and evaporated under reduced pressure.

2 -Hydroxy=-5 a-cholestan-3 ¢yl p-anisate.

Product crystallized from chloroform:acetone, m.p. 222°-224°

[a] + 31°, Reported for 5 -cholestan-2¢ 3 e-dfol (51) m.p. 212°-214°
D
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['a]D + 32°. Mixed m.p. with 5o-cholestan-2o:3ordiol, 223‘-225‘;

3 o-Hydroxy~5 o-cholestan-2 &~yl p-anisate.

Product crystallized from chloroform:acetone, m.p. 225°-226°
[a]D + 29°, Reported for 5o-cholestan-2a:3e-diol (51), 212°-214°,

[c]D + 32°, Mixed m.p. with authentic sample, 224°-226°.

28-Hydroxy-98:10 a-decalin-38-yl p-anisate.

Product crystallized from benzene:petroleum ether, m.p. 140°-141°,
mixed m.p. with authentic sample, 139°-140°, Reported for 98:10o-decalin-

28:38-diol m.p. 140°-141° (22).

3g-Hydroxy-98:10 o-decalin-28-yl p-anisate,

Product crystallized from benzene:petroleum ether, m.p. 141°-142°,

mixed m.p. with authentic sample, 141°-142°.

B P x ~ somemonim e

28-Hydroxy-5 a-cholestan-38-yl p-anisate.

Product crystallized from ether:petroleum ether, m.p. 174°-176°

[a]) + 40°, mixed m.p. with suthentic sample, 177°-179°.

3B-Hydroxy-5a-cholestan-28-yl p-anisate.

Product crystallized from ether:methanol, m.p. 174°-176° [u]D +R22,

Mixed m.p. with authentic sample, 175°-177°.
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Oxidation of the Steroid Hydroxyanisates.
A) Using dimethyl sulphoxide and acetic anhydride

(1) 38-Hydroxy-5o-cholestan-28-yl p-anisate.

A solution of the hydroxyanisate (147 mg) in dimethyl sulphoxide
(2ml) and acetic anhydride (2ml) was stood at room temperature for 36
hours. The reaction mixture was diluted with ether and washed with
dilute sodium bicarbonate solution, several times with water, dried,
and the ether evaporated. Crystallization from ether:pentane gave
5o-cholestan-3-one-28-yl p-anisate (124 mg), m.p. 68°-74°, [ut]D +51°,
v 1705. Calculated for C35H5204: c, 78.30; H, 9.77. Found: C,

max
77.96; H, 9.92. The n.m.r. spectrum had bands at 0.95 (singlet), 3.81

(singlet), 5.52 (triplet, J 7.75 c.p.s.) and 7.44 (quartet JAB 9 ¢.p.s.

GB-GA = 67 c.p.8.). These bands were assigned to the C-19 methyl, the

phenylmethoxy group, the C-2 hydrogen (equatorial) and to the phenyl

hydrogens respectively. Optical rotatory dispersion in methylene chloride

(-] -] 00 -
+ 25°, [d] + 50°, [ct]307 + 950°, [a]290 s [G]280

(c, 0.04): [a]650 589

1825°; amplitude > 149. Ultraviolet in methylene chloride, Ap,. 257,

log € 4.35.

(i1) 2 o-Hydroxy-5o-cholestan-3 -yl p-anisate.

The hydroxyanisate (304 mg) was treated with dimethyl sulphoxide

(3ml) and acetic anhydride (3ml) as described in (1) above. Attempted

crystallization of the product from several solvent mixtures failed.

!
!
|
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T.L.C. [ether:benzene (1:1)] of the product showed one spot; however,

elution twice with ether:benzene (5:95) showed two compounds to be

present. These two materials were designated Fraction A (Rf 0.53)
and Fraction B (Rf 0.49), and were separated by T.L.C., eluting the
plates three times with ether:benzene (5:95). The two materials were j
readily detected under ultraviolet light,

Fraction B (192 mg) on crystallization from ether:petroleum
ether gave 50-cholestan-2-one-30-yl p-anisate, m.p. 86°-88°, [G]D + 88°,
Vnax 1720. Calculated for C35H5204: C, 78.30; H, 9.77. Found: C,
78.55; H, 9.96. The n.m.r. spectrum showed bands at 0,80 (singlet),
3.83 (singlet), 5.05 (narrow band, W 1/2 5 c.p.s.) and 7.44 (quartet,
JAB 9 c.p.s., GB-GA = 63 c.p.s.). These bands were assigned to the

C-19 methyl group, the phenylmethoxy group, the C-3 hydrogen (equatorial)

and to the phenyl hydrogens resp:ctively. Optical rotatory dispersion

+100°, [o]. + 100°,

in methylene chloride (C, 0.039): [a]

(o]

650 589

0 + 1715, (q] - 2330; amplitude > 217.

[]
208 0 18l

Fraction A (85 mg) was crystallized from ether:petroleum ether,

32

m.p. 108°-110°, [a]D + 65°. Calculated for C35H5204: c, 78.30; H, 9.77,
Found: C, 74.36; H, 9.93. v .. 1700, The n.m.r. spectrum showed bands
at 0.90 (singlet), 3.83 (singlet, 0CH3), 4,66 (narrow band, W 1/2 11
¢.p.8.) 5.50 (narrow band, W 1/2 8 c.p.s) and 7.43 (quartet, J,p 9 c.p.s.
GB-GA = 65 c,p.8.). A Belstein test with copper wire showed that no

halogen was present. A Lassaigne sodium fusion test for sulphur with

sodium nitroprusside was negative. v‘
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(111) 2B8-Hydroxy-5o~cholestan-38-yl p-anigate.

NTLATY PEefeaa@m s § epaie s -

The hydroxyanisate (134 mg) was treated with dimethyl sulphoxide

(2m1) and acetic anhydride (2ml) for 72 hours, and the product was is-
olated as described in (1) above. This oxidation appeared to be slower
than the previous ones (i) and (i1), since T.L.C. [ether:benzene (1:9)]
showed that besides the keto-anisate (Rf 0.66) a small amount of start-
ing material was present., The keto-anisate was purified by T.L.C.
[ether:benzene (1:9)] and the product (77 mg) was crystallized from

chloroform:petroleum ether, giving 50-cholestan-2-one-38-yl p-anisate,

|
B
f
B

m.p, 178°-179°, [u]D +45°, Vnax 1725, 1705, Calculated for C35H5204:

c, 78,30; H, 9.77. Found: C, 78.52; H, 9.53. The n.m.r. spectrum

had bands at 0.82 (singlet) 3.80 (singlet), 5.42 (broad diffuse band),

and 7.43 (quartet JAB 9 c.p.8., GB-GA = 68 c.p.s.). These signals

were assigned to the C-19 methyl group, the phenylmethoxy group, the

C-3 hydrogen (axial) and to the phenyl hydrogens respectively. Optical

rotatory dispersion in methylene chloride (C, 0.04): [l .o + 37°

[elgq
amplitude 47,

+ 440, [, +700° [alyg, 0% [el,oo = 175°, [olyg 0°,

310

B)  Using the Jones procedure.

The oxidizing agent used in these experiments consisted of a
solution of sodium dichromate (13g) and concentrated sulphuric acid
(8.7ml) in water (30ml). To a stirred solution of the hydroxyanisate

(150 mg - 250 mg) in acetone (10 - 25ml), at room temperature, was "

added a few drops of the above oxidizing agent (usually 0.3ml) so 5 l
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that the solution was a red-orange colour. After 3 minutes a dilute

aqueous solution of sodium metabisulphite (Nazszos) was added to the

reaction mixture until a blue-green colour was obtained. After dilutiomn
with water, the reaction mixture was extracted with ether. The ether
extracts were washed with dilute sodium bicarbonate solution, water,

dried and the ether evaporated under reduced pressure.

2 -Hydroxy-5o-cholestan-3 oyl p-anisate,

The hydroxyanisate (214 mg) in acetone (10ml) gave on oxidation
as described above 195 mg of crude product. T.L.C. [ether:benzene(5.95)]
ghowed very little starting material present and that the product consis- ;
|

ted of almost entirely one compound (Rf 0.48) with a small amount of a

second product running slightly ahead of the main spot. This faster :

running material was designated as Fraction A and the main product as ;

Fraction B. T.L.C. separation [ether:benzene (5:95)] of these two materi-

als gave for Fraction A, 15 mg, and for Fraction B, 150 mg.

Fraction A was crystallized from methylene chloride:petroleum

ether and identified by m.p., mixed m.p. with authentic sample and in-

frared spectrum as 5 a-cholestan-2-one-38~yl p-anisate.

Fraction B was crystallized from methylene chloride:petroleum

ether and identified by m.p., mixed m.p. with authentic sample and in-

frared spectrum as 5 a-cholestan-2-one-3 -yl p-anisate.

S0 R W (FRRURET s 2 1 SRR R e sy e TR e T

R e




114

’
|
i
!
f
|

3o-Hydroxy-50-cholestan-2a-yl p-anisate,
The hydroxyanisate (180 mg) in acetone (15ml) was oxidized as

described previously. The crude product (176 mg) had no OH peaks in

the infrared spectrum. Crystallization from pentane gave 5%-cholestan-
3-one-20~yl p-anisate, m.p. 148°-150°, [0]D + 105°. Calculated for
CysHsy04 G 78.30; H, 9.77. TFound: C, 77.97; H, 9.68. v _ . 1725,
1705. The n.m.r. spectrum had a band at 1,17 (singlet), 3.78 (singlet),
5.50 (quartet, Jae 6.5 c.peSe, Jaa 12,5 c.p.s.), and 7.43 (quartet,

Jyp 9 CepuSe, GB-GA = 66 c.p.8.). These bands were assigned to the C-19

methyl group, the phenylmethoxy group, C-2 hydrogen (axial) and the

AT S E N AR AT s S e £ e e e

phenyl group respectively. Optical rotatory dispersion in methylene
chloride (C, 0.04): [a]650 + 50°, [°]589 + 100°, [u]312 + 550°, [a]288

+125°, +625°, Amplitude 23.

(o980

I emr S,

38-Hydroxy-5o-cholestan-28-yl p-anisate.

The hydroxyanisate (215 mg) in acetone (15ml) was oxidized as
described above. T.L.C. [ether:benzene (5.95)] showed the crude product
to consist mainly of one compound (Rf 0.52) together with a small amount
of starting material, Purification by T.L.C. [ether:benzene (5.95)] gave
50-cholestan-3-one-28-yl p-anisate (139 mg), crystallized from ether:

pentane, m.p. 65°-75°, The infrared spectrum was identical to the pro-

:
i
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duct obtained by oxidation of 38~hydroxy-5 o-cholestan-28-yl p-anisate

with dimethyl sulfoxide and acetic anhydride.

~y
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28-Hydroxy-5 o-gholestan-36-yl p-anisate.
The hydroxyanisate (233 mg) in acetone (25ml) was treated with

the oxidizing solution as described above. T.L.C. [ether:benzene (1:9)]
showed two compounds to be present, a second material (Fraction B)
running slightly #lower than the major product (Fraction A). These
two materials were separated by T.L.C. [ether:benzene (1:9)].
Fraction A (130 mg) gave 5c-cholestan-2-one-3g-yl p-anisate,
m.p. 180°-~181°, mixed m.p. (with product from dimethyl sulphoxide:acetic
anhydride oxidation) 177°-179°. The infrared spectrum was also identical
to that of the product from the oxidation of this hydroxyanisate with
dimethyl sulphoxide and acetic anhydride. i
Fraction B (60 mg, oil), had an infrared spectrum with bands at
1740 and 1700. No material could be crystallized from this oil, which

was not investigated further.

Fpimerization of 5o-Cholestan-3-one-28-yl p-anisate to 5o-Gholestan-

3-one-20~yl n-anisate.

A solution of 5o-cholestan-3-one-28-yl p-anisate (35 mg) and
D-10-camphorsulphonic acid (5 mg) in benzene (5ml) was refluxed over-
night., The reaction mixture, after dilution with ether, was washed
with dilute sodium bicarbonate solution and water, dried and the solvent
removed by evaporation under reduced pressure. The crude product had
an infrared spectrum very similar to that of 5 e~cholestan-3-one-2 ¢~

yl p-anisate, The product vas purified by T.L.C. [ether:benzene (1:9)];
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two crystallization from ether:pentane gave 5o-cholestan-3-one-20-yl
p-anisate, m.p. 146°-148°; mixed m.p. (with authentic sample) 146°-148°.
The infrared spectrum was identical with that of 5a-cholestan-2-one-

20-yl p-anisate.

Reductive elimination of 5a-Cholestan-3-one-28-yl p-anisate.

To a solution of the keto-anisate (69 mg) in ether (4ml) and
acetic acid (1.5ml) was added zinc dust (1.0g), and the mixture was
refluxed for four hours. More ether was added to the mixture, which
was then filtered (through Supercell), The filtrate was washed with
dilute sodium carbonate solution, water, dried and the ether evaporated
under reduced pressure. T.L.C. [ether:benzene (1:9)] showed the product
to consist of one compound which had the same Rf value as 50-cholestan-
3-one (Rf 0.56) and differed from 5o-cholestan-2-one (Rf 0.66) and from
the keto-anisate (Rf 0.61). Crystallization from ether:methanol yielded
5a-cholestan-3-one, (30 mg), m.p. 128°-129°, Mixed m.p. with authentic
sample of 5o-cholestan-3-one, 127°-129°; mixed m.p. with authentic

sample of 5o-cholestan-2-one, 103°-118°,

Reductive elimination of 5 a-Cholestan~2-one-3o-yl p-anisate.

2 o-Hydroxy-5o-cholestan-3e-yl p-anisate (150 mg) was oxidized
with dimethyl sulphoxide (2ml) and acetic anhydride (2ml), as described
above. The crude keto-anisate (123 mg) was dissolved in acetic acid,
zinc dust (2.5g) was added, and the mixture was refluxed for 3 hours.

The product was isolated as described for the 5o-cholestan-3-one-28-yl

|
|
|
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p-anisate reduction. T.L.C. [ether:benzene (5.95)] showed the product

to consist of several compounds. The major reaction product had the

same Rf value (0.45) as 5%-cholestan-2-one, which differed from that |
of 50-cholestan-3-one (Rf 0.37). The other products of the reaction |
most probably arose from degradation of "Fraction A". T.L.C. [ether:

benzene (5.95)] separation of the reaction product yielded cholestan-

2-one (42 mg), crystallized from ether:methanol, m.p. 128°-130°,

Mixed m.p. with Se-cholestan-2-one, 129°-131°; mixed m.p. with Se-

cholestan-3-one, 103°-123°, ;

Preparation of Orthoesters. f{

98:10 a-Decalin-28:38-ethyl orthoformate.

A solution of 98:10c-decalin-28:3p-diol (2.02g), triethyl

orthoformate (Eastman Practical grade) (1.75g) together with a few :

crystals of D-10-camphorsulphonic acid in benzene (10m1) was refluxed

for 15 min. The benzene and alcohol produced by the reaction were

distilled off at atmospheric pressure, a few crystals of calcium car-

St R oy T

bonate were added, and the residue was finally distilled under vacuum.
The product (1.75g) distilied at 108°~109° (0.5mm), nzg 1.4755.
Calculated for C13H2203: ¢, 69.05; H, 9.82. Found: c, 68.97; H, 9.65.
The n.m.r. showed signals at 1.22 (triplet, J 7 c.p.s.), 3.60 (quartet,
1 7 c.p.s.), 4.17 (broad band), 4.25 (narrow band, W 1/2 7 c.p.s.)

5.73 (singlet) and 5.80 (singlet). The last two peaks were in a ratio

R T P P SRR i G ST 7t e e

of 2.7. These signals were assigned to the methyl and methylene of
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the ethoxy group, the C-3 and C-2 hydrogens of the decalin ring, and

the formyl hydrogens respectively.

98:10 o-Decalin-28: 38-ethyl orthopropionate.
A solution of 98:10c-decalin-28:3p-diol (2.0g), triethyl ortho-

propionate (Eastman practical grade) (2.17g) and a few crystals of D-10-
camphorsulphonic acid in benzene (10ml) was refluxed for 30 minutes.

The benzene and alcohol were distilled off slowly at atmospheric pressure
and, after the addition of a few crystals of sodium carbonate, the
residue was distilled under vacuum. The product (1.23g) distilled over
at 112°* (0.6mm), nzg 1.4735, Calculated for 015H2603: c, 70.84; H,

10.30. Found: C, 70.76; H, 10.37. The n.m.r. spectrum showed a com-

plex multiplet in the region 0.8 to 1.3 and poorly resolved quartet i
centred at 3.52 (J 7 c.p.s.), a broad band centred at approximately %
4,17 (W 1/2 12 c.p.s.) and a narrow band at 4.38 (W 1/2 7 c.p.8.). These |
bands were assigned to the two methyl groups, the two methylene groups,

and the C-3 and C-2 hydrogens of the decalin ring respectively.

9R:10 o-Decalin-28: 3B-ethyl orthoacetate.

This compound was prepared as described above from 98:100-decalin-

28:38-diol (1.53g) and triethyl orthoacetate (Eastman practical grade)

25
(1.62g). The product (1.77g) distilled at 106°-108° (0.6mm), n D 1,4717.
Calculated for 014H2403: c, 69.97; H, 10.07. Found: C, 70.21; H, 10.12,
This compound had n.m.r. bands at 1.18 (triplet, J 7 c.p.s.), 1.62 (sing-

let), 3.57 (quartet, J 7 c.p.s.), 417 (broad band) and 4.38 (narrow
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band, W 1/2 7 c.p.s.). These bands were assigned to the methyl of

the ethoxy group, the acetate methyl, the methylene of the ethoxy group

and the C-3 and C-2 hydrogens of the decalin ring respectively.

98:10 o-Decalin-28:38-methyl orthobenzoate.

A solution of 98:100-decalin-28:3B-diol (1.37g), trimethyl ortho-
benzoate (1.56g) and a few crystals of D-10-camphorsulphonic acid in
benzene (10ml) was refluxed for 30 minutes. The benzene was distilled
off at atmospheric pressure, a few crystals of sodium bicarbonate were
added, and the residual oil was subjected to vacuum distillation. At
145° (oil-bath temperature) and 0.5 mm pressure no distillate was ob-
served. Some material crystallized out in the still head, this was
found to be 98:100-decalin-2R:3B~-diol, presumably subliming. In a
second attempt, 98:10c-decalin-28:38-diol (2.33g) and trimethyl ortho-
benzoate (2.48g) were reacted as described above. After the benzene
had been distilled off, a small amount of sodium bicarbonate was added.
The oily residue was then dissolved in pentane and a white precipitate
(d101?) was observed. After filtration, the solvent was removed under
reduced pressure. The infrared spectrum of the oily residue showed
small absorption at 3570 cm“1 and 1710 cm—l. Attempted distillation
of a portion of this material gave only trimethyl orthobenzoate. Fil-
tration of another portion of this material through a column of alum-
ina [3.5g Woelm Grade I, Basic], eluting with petroleum ether, gave

only mixtures of the decalin methyl orthobenzoate plus 3B-hydroxy-98:10c-

1
!




decalin-28-yl benzoate i.e, the hydrolysis product, as inferred from

the infrared spectra of various fractioms.

3p-Hydroxy-98:10 a-decalin-28-y] benzoate.
A solution of 98:100-decalin-28:38-diol (500 mg) and trimethyl

orthobenzoate (567 mg) together with a small amount of D-10-camphor-
sulphonic acid in benzene (5ml) was refluxed for 30 minutes. The ben-
zene was distilled off at atmospheric pressure. A solution of the
residue in methanol (20ml) and ether (5ml) was treated with aqueous
acetic acid (5ml, 207) for 15 minutes, after which the reaction mix-
ture was extracted with ether, and the ether golution was washed with
dilute sodium bicarbonate solution, water, dried and the solvent re-
moved under reduced pressure. T.L.C. [ether:benzene (1:1)] showed the
product (799 mg) to consist malnly of the hydroxybenzoate together with
some decalin diol. These two materials were separated by column chrom-
atography (B.D.H. silica gel, 32g) the hydroxybenzoate (597 mg) eluted
with ether:benzene (1:9) and the diol (93 mg) eluted with ether. The

hydroxybenzoate was identified as 3B-hydroxy-98:10ardecalin-ZB-yl ben-

zoate by m.p. mixed m.p. with authentic sample, and infrared spectrum.

2§rﬂydroxyf98:10u—deca11n—38-y1 benzoate.

98:10 ¢-Decalin-28:38-diol (250 mg) in pyridine (5m1) was treated

with benzoyl chloride (209 mg) overnight as described previously.

T.L.C. [ether:benzene (1:1)] showed the crude product (310 mg) to con-

sist of a mixture of the hydroxybenzoate and unreacted diol. T.L.C.
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separation [ether:benzene (1:1)] gave 275 mg of the hydroxybenzoate,
crystallized from ether:pentane, m.p. 102°-104°, mixed m.p. (with
authentic sample) 101°-103°. 98:100-Decalin-2B:38-diol (66 mgm) was

also recovered from the T.L.C. plates, identified by m.p. and mixed

mopo

Hydrolysis of Orthoesters.

98:10 a-Decalin-28:38-ethyl orthoformate.

1)  The orthoformate (150 mg) in methanol (5ml) was treated with

a few drops of aqueous hydrochloric acid (507). The reaction solution
was stood at room temperature for 10 minutes, diluted with water and
extracted with ether. The ether extract was washed with dilute sodium
bicarbonate solution and water, dried, and the ether removed under
reduced pressure. T.L.C. [ether:benzene (1:9)] showed the product

to be mainly 98:100~decalin-28:38-diol.

2) The orthoformate (829 mg) in methanol (10ml) was treated with
aqueous acetic acid (5ml, 10Z) for 10 minutes at rdom temperature.
The reaction was diluted with water and extracted with ether, and the
ether extract was washed with dilute sodium bicarbonate golution and
water, dried and the solvent removed under reduced pressure. T.L.C.
[ether:benzene (1:1)] showed the product (700 mg) to consist of two
compounds in roughly equal proportions. The infrared spectrum had

bands at approximately 3580, 1720 1165 (m), 1145 (m), 1130 (m),

|
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1000 (w), 980 (m), 970 (w), 960 (m), and 938 (w).

It was attempted to separate these two materials by T.L.C. One
half of the hydrolysis product was applied to T.L.C. plates (silica gel)
which were then eluted with ether:benzene (1:1). The material was de-
tected on the T.L.C. plates with iodine vapour and showed up as a broad
band. This band was divided in half and each half was removed from the
plates and extracted with ether.

The infrared spectrum of each fraction were identical to each other
and to that of the original hydrolysis product. Upon T.L.C. [efher:ben-
zene (1:1)] each fraction showed two spots, the same as was found in the
original material. Thin layer chromatography upon alumina, eluting with
ether, of this material showed only smears from the origin.

The remaining half of the original hydrolysis product was crystal-
lized from pentane and gave 3B-hydroxy-98:10ca-decalin-2-yl formate

(237 mg), m.p. 70°-72°, calculated for C C, 66.65; H, 9.13,

11H1803:
Found: C, 66.27; H, 9.14, Vmax 3580, 1720, 1165 (m), 1145 (m), 1130 (w),
1000 (w), 970 (w), 938 (w). The n.m.r. spectrum had bands at 2.43 (sing-
let, OH), 3.70 (broad multiplet, W 1/2 21 c.p.s.), 5.22 (narrow multiplet,
W1/2 6 c.p.s.) and 8.15 (singlet), These bands were assigned to the C-3
hydroxyl group, the C-3 and C-2 hydrogens and to the formyl hydrogen re-

spectively,

3) The orthformate (501 mg) was hydrolysed as above, The product

(433 mg) had an infrared spectrum identical to that obtained previously.
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The n.m.r. spectrum included the following signals: 3.13 (singlet, OH),

3.70 (broad band, W 1/2 22 c.p.s.), 4.07 (narrow band, W 1/2 7 c.p.s.),

4,87 (broad multiplet), 5.20 (narrow band, W 1/2 7 c.p.s.), 8.08 and

8.17 (both singlets). The signals at 3.70, 5.20 and 8.17 were assigned

to the C-3 (axlal) and C-2 (equatorial) hydrogens and to the formyl

proton respectively of 3B-hydroxy-96:10c-decalin-28-yl formate. The
signals at 4.07, 4.87 and 8,08 were assigned to the C-2 (equatorial) and
-3 (axial) hydrogens and to the formyl proton respectively of 2B8-hydroxy-

98:10 e-decalin-38-yl formate. }

Stability of 3g-Hydroxy~98:10 a-decalin-2p-yl formate to hydrolysis

conditions.

B

The hydroxyformate (49 mg) in methanol (10ml) was treated with

aqueous acetic acid as described previously. The residue had an infra-

red spectrum identical with that of the starting material.

Stability of 38-Hydroxy=-98:10 c-decalin-28-y1 formate to thin layer

chromatography upon silica gel.

The hydroxyformate was eluted upon silica gel. The product was

recovered by extraction of the silica gel and was found to have an

infrared spectrum identical to that of the hydrolysis product, and

contained the two extra peaks at 980 and 960 en L,

98:10 o-Decalin-28: 36-ethyl orthopropionate.

The orthopropionate (267 mg) in methanol (10ml) was treated with

aqueous acetic acid (5ml; 10%) for 15 minutes as described above.

-
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T.L.C. [ether:benzene (1:1)] showed that the product (235 mg) consisted

of almosi entirely one compound (Rf 0.44) with only a slight trace of

a second material (Rf 0.53). Crystallization from petroleum ether
gave 3B-hydroxy-98:10a-decalin-28-yl propionate, m.p. 45°-48°, Vnax

3580, 1720, Calculated for CI3H C, 68.98; H, 9.81. Found: C,

223"
69.08; H, 9,81. N.m.r. spectrum: 1.15 (triplet, J 7 c.p.s.), 2.38
(quartet, J 7 c.p.s.), 2.57 (singlet, OH), 3.77 (broad band, W 1/2

20 c.p.s.), and 5.17 (narrow band, W 1/2 8 c.p.s.). These bands were
assigned to the methyl and methlene of the propyl group, the C-3 hy-
droxyl and to the C-3 (equatorial) and C-2 (axtal) hydrogens respect-
ively.

The second material in the hydrolysis product had the same Rf

T L s

value as 28-hydroxy-98:10 a-decalin-3g-yl propionate.

98:10 o-Decalin-28: 38-ethyl orthoacetate.
The orthoacetate (214 mg) in methanol (5ml) and ether (1ml) was

o

treated with a few drops of aqueous acetic acid (50%) as described
previously. T.L.C. [ether:benzene (1:1)] showed the product (188 mg)
consisted of almost entirely one compound (Rf 0.39) together with a

slight trace of a second material (Rf 0.45). Crystallization from

ether:pentane gave 38-hydroxy-98:100~decalin-28-yl acetate, m.p. 73°-
75°, v 3570, 1720, Calculated for C, H,, 3 c, 67.89; H, 9.51.

12
max
Found: C, 68.23; H, 9.45. The n.m.r. spectrum showed absorption at

2,10 (singlet), 2.67 (singlet, OH), 3.70 (broad band, W 1/2 21 c.p.s.) ‘
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and 5.13 (narrow band, W 1/2 7 c.p.s.). These signals were assigned
to the acetate methyl group, the C-3 hydroxyl group and to the C-3

(axial) and C-2 (equatorial) hydrogens respectively.

Acid catalysed rearrangements of the Hydroxyesters.

General Procedure.

A solution of the hydroxyester and D-10-camphorsulphonic acid
in benzene was refluxed overnight. The products of the reaction were
separated by T.L.C. eluting with benzene, the compounds being detected
under ultraviolet light. In all cases, the compounds with an equatorial
alcohol group ran slower than the compounds with an axial alcohol group,

and were thus easily separated.

2 o-Hydroxy-5a-cholestan-3 -yl p-anisate.

A solution of the hydroxyester (142 mg) and D-10-camphorsulphonic
acid (14 mg) in benzene (15 ml) was treated as described above and gave
starting material (48 mg) and 3Jo-hydroxy-5o-cholestan-20-yl p-anisate
(48 mg), crystallized from chloroform:methanol, m.p. 186°-188°, [cz]D +
61°, v ., 3590, 1700. Calculated for C3sHsu0,: C, 78.01; H, 10.10.
Found: C, 78.08; H, 9.86. The n.m.r. spectrum showed signals at 0.90
(singlet), 2.25 (singlet, OH), 3.78 (singlet), 4.13 (narrow band, W 1/2
6 c.p.s.), 5.13 (broad band, W 1/2 21 c.p.s.), and 7.38 (quartet, J,p

9 ¢.p.s., 6-8 = 65 c.p.s.). These signals were assigned to the C-19
A

methyl group, the hydroxyl group, the phenylmethoxy group, the C-3

(equatorial), and C-2 (axial) hydrogens and to the phenyl hydrogens

respectively.

i
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In two other rearrangements the following results were obtained:
(1) the hydroxyanisate (372 mg) gave starting material (93 mg) and ,
3 -hydroxy-5 o-cholestan-2 o-yl p-anisate (147 mg); (11) from the

hydroxyanisate (456 mg) was obtained starting material (155 mg) and

the rearranged hydroxyanisate (222 mg).

3B-ﬂydtoxy-5u-cholestan-ZB—yl p-anisate.

The hydroxyester (416 mg) and D-10-camphorsulphonic acid (17 mg)
in benzene (5ml) gave starting material (211 mg) and 2B-hydroxy-5o-
cholestan-38-yl p-anisate (168 mg), crystallized from chloroform:cyclo-
hexane, m.p. 210°-212°, [a]D +27°%. Voax 3560, 1700, Calculated for
C35H5404: c, 78.01; H, 10.10. Found: C, 78.10; H, 10.37, The n.m.r.

spectrum had bands at 1.07 (singlet), 1.87 (singlet, OH), 3.75 (singlet),

4.18 (narrow band, W 1/2 6 c.p.s.), 4.95 (broad band, W 1/2 21 c.p.s.), E

and 7.38 (quartet, JAB 9 CuPsSey GB-6A = 65 c.p.s.). These bands were
assigned to the C-19 methyl group, the C-2 hydroxyl group, the phenyl-

methoxy group, the C-2 hydrogen (equatorial), the -3 hydrogen (axial)

and the phenyl hydrogens respectively.

3o-Hydroxy-5 a-choles tan-20-yl p-anisate.

The hydroxyanisate (63 mg) plus D-10-camphorsulphonic acid (3 mg),

in benzene (3ml) gave starting material (46 mg) and 2 ¢-hydroxy-5 a-cholestan-

Jo-yl p-anisate (13 mg), both compounds being identified by T.L.C. Rf

values and infrared spectra.

—y
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ZB-szro§2-9§:10ardecalin—3§-zl p-ahisate.

From the hydroxyester (59 mg) plus D-10-camphorsulphonic acid
(7 mg) in benzene (3ml) was obtained starting material (43 mg) and
2 orhydroxy-98:10 o-decalin-3g-yl p-anisate (15 mg), both compounds

being identified by T.L.C. Rf values and infrared spectra.

38-Hydroxy-98:10 o~-decalin~-28-yl p-anisate.

The hydroxyanisate (404 mg) plus D-10-camphorsulphonic acid
(67 mg) in benzene (5ml) gave starting material (130 mg) and 28-hydroxy-
98:10 o-decalin-38-yl p-anisate (170 mg), crystallized from ether:pe-
troleur ether, m.p. 96°-98°, Viax 3600, 1700. Calculated for c18H2604:
C, 71.03; H, 7.95. Found: C, 70.71; H, 7.80. The n.m.r. spectrum
had signals at 2.62 (singlet, OH), 3.75 (singlet), 4.13 (narrow band,
W1/2 6 c.p.s.), 4,95 (broad multiplet) and 7.38 (quartet, Jan 9 c.p.s.,
GB-GA = 67 c.p.s.). These signals were assigned to the phenylmethoxy
group, the C-2 (equatorial) and C-3 (axial) hydrogens and to the phenyl
hydrogens respectively.

In addition to the above two materials, a third fraction (139 mg)
was 1solated from the T.L.C. plates, which ran faster than either of
the hydroxyanisates. The infrared spectrum had absorption at 1745 and
1710, Thin layer chromatography, eluting with benzene, showed this
material to consist of at least three compounds, and this material was

not investigated further.
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2B8-Hydroxy-5a-cholestan-38-yl p-anisate.
From this hydroxyester (57 mg) plus D-10-camphorsulphonic acid

(3 mg) in benzene (2ml) was obtained starting material (40 mg) and
3B-hydroxy-5 o-cholestan-28-yl p-anisate (15 mg), both identified by

T.L.C. Rf values and infrared spectra.

IR-Hydroxy-928:10 c-decalin-28~v1 acetate

From the hydroxyacetate (641 mg) and D-10-camphorsulphonic acid
(50 mg) in benzene (10ml) was obtained starting material (225 mg) and
28-hydroxy-98:10 o-decalin-38-yl acetate (236 mg), crystallized from
ether:pentane, m.p. 81°-83°%, Vpax 3900, 1720. Calculated for C12H2003:
C, 67.89; H, 9.51. Found: C, 67.89; H, 9.40. N.m.r. spectrum; 2.07
(singlet), 2.38 (OW), 4.08 (narrow band, W 1/2 7 c.p.s) and 4.78
(broad multiplet). These bands were assigned to the acetate methyl
group, the hydroxyl group, the C-2 hydrogen (equatorial) and the C-3

hydrogen (axial).

38-Hydroxy-98:10 c-decalin-2f-yl benzoate.

The hydroxyb nzoate (820 mg) and D-10-camphorsulphonic acid (40 mg)
in benzene (10ml) gave starting material (345 mg) and 28-hydroxy-98:10¢-
decalin-2@-yl benzoate (433 mg), crystallized from ether:pentane, m.p.
102°-103°, Calculated for CyqHyy03: C, 74,40; H, 8,09, Found: C,
74,53; H, 8.19. Y nax 3580, 1700, The n.m.r. showed signals at 2,23
(OH), 4.18 (narrow band, W 1/2 5 c.p.s.) 5.03 (broad multiplet) and

phenyl absorption centred at 7.47 and 8.03 (multiplets). These signals

i
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were assigned to the C-2 hydroxy group, the C-2 hydrogen (equatorial)

and to the C-3 hydrogen (axial) respectively,

32-Hydroxy-98:10 a-decalin-2g-yl propionate.

The hydroxypropionate (400 mg) and D-10-camphorsulphonic acid

(22 mg) in benzene (4ml) gave starting material (159 mg) and 2B-hydroxy-
98:100-decalin-38-yl propionate (213 mg), crystaliized from ether:pentane,
m.p. 59°-61°, Calculated for C13H2203: C, 68.98; H, 9.81. Found:

C, 69.18; H, 9.74. vmax 3590, 1730. The n.m.r. showed bands at 1.13
(triplet, J 7 c.p.s.), 2.18 (singlet, OH), 2.35 (quartet, J 7 C.p.8.),

4,05 (narrow band, W 1/2 = 6 c.p.s.), and 4.80 (broad multiplet). These

bands were assigned to the methyl group, the C-2 hydroxyl group, the
methylene group, the C-2 hydrogen (equatorial) and the C-3 hydrogen

(axial) respectively.

The Woodward Prevost reaction on A2-9B:100-0cta11n.

To a solution of A2-98:100roctalin (2.0g) in glacial acetic acid
(300m1) was added silver acetate (6.2g). The mixture was stirred vig-
orously and powdered iodine (3.3g) was added slowly over 30 minutes.

After a further 30 minutes, when no iodine was visible, the mixture was

treated with aqueous acetic acid (4ml}.80%) and then stirred overnight.
A solution of sodium chloride (6.4g) in water (20ml) was added and the

stirring stopped. After a few minutes the mixture was filtered and the

filtrate evaporated. The residue was dissolved in ether and washed with ﬁ

dilute sodium bicarbonate solution, dilute sodium bisulphite solution, |
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water, dried and the ether removed by evaporation. T.L.C. [benzene:

ether (1:1)] showed the product (2.96g) to be nearly all one compound,
with the same Rf value as 3-hydroxy-98:10 o-decalin-2p-yl acetate.

Column chromatography using silica gel and eluting with ether:benzene

gave 3B~hydroxy-98:100-decalin-28-yl acetate (2.46g), crystallized
from methylene chloride:petroleum ether and identified by m.p., mixed

m.p. with authentic sample and infrared spectrum.

50-Cholest-2-ene,

This compound was prepared from 2 e-bromo-5a-cholestan-3-one (52)

as described by R.G. Pews. (25).

2 ¢ Ja-Epoxy-5 e-cholestane.

Prepared from cholest-2-ene and perbenzoic acid as described
by Furst and Plattner (53) with the exception that benzene rather than
chloroform was used as a solvent; m.p. 100°-104°; reported m.p. 103°-

105°,

2B: 3B-Epoxy-5 a-cholestane. |

Prepared from 2oe-bromo-5e-cholestan-38-0l as described by Alt

N
i
'
i
t
i
|
‘

and Barton (35); m.p. 87°-90°; reported m.p. 89°-91°,

A2-98:10a-0cta11n.

This compound was prepared by the method of Johnson et. al. (54).

25
b.p. 46° (5 mm), nZIS) 1.4776; reported b.p. 59° (8 mm), n D 1.4796.
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2:3-Epoxy-98:100-decalin.

This compound was prepared by the method of Johnson et. al. (54).

b.p. 78°-80°* (5 mm), nZIS) 1.4835; reported b.p. 105° (21 m), nzg 1.4835,

Preparation of Halohydrins.

Jo-Bromo-5 a-cholestan-28-0l.

This compound was prepared from 28:38-epoxycholestane as prev-
fously desecribed by Alt and Barton (35); m.p. 135°-137° reported m.p.

133°-135°.

2B8-Bromo-5 0-cholestan=3 6-0l1.

This compound was prepared from 2 ¢, 3 o-epoxycholestane as described

by Alt and Barton (35); ‘m.p. 118°-120°; reported m.p. 115°-118°.

28-Bromo-98:10 a-decalin-3o-ol.

Prepared by treatment of 2:3-epoxy-~98:10c-decalin with aqueous
hydrobromic acid (487). The product was crystallized from petroleum
ether, m.p. 77°-78°. Calculated for 010H170 Br: C, 51.50; H, 7.35;

Br, 34.27. PFound: C, 51.61; H, 732; Br, 34.44, Voax 3600. The n.m.r.
spectrum showed signals at 2.08 (singlet) and 4,23 (multiplet). These

bands were assigned to the hydroxyl group and to the two protons at

C-2 and C-3 of the decalin ring.

2 x-Bromo-5 o-cholestan-3g8-o0l.

Prepared by reduction of 2e-bromo-5o-cholestan-3-one with sodium

borohydride as previously described (55). The product was eluted from

|
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alumina (Woelm, grade IIT, neutral), with benzene:cyclohexane (1:3),

and crystallized from ether:methanol, m.p. 111°-113°, reported m.p.

111°-112°, The infrared spectrum was identical to that of an authentic
sample,

2 -Bromo-98:10 o-decalin-33-0l. 5

A solution of 2o-bromo-98:100a-decalin-38-yl p-anisate (180 mg)
plus 357 perchloric acid (2ml) in dioxan (10m1) was refluxed for 96
hours. The reaction was diluted with water and extracted with ether;
the ether extracts being then washed with dilute sodium bicarbonate
solution and water, dried and evaporated. T.L.C. [benzene:ether (9:1)]

showed the product to consist of two compounds (Rf 0.63 and 0.38).

The faster running material had the same Rf value as the starting ma-
terial and was visible under ultraviolet light. The second compound i
was not visible under ultraviolet light. These two materials were
separated by T.L.C., the plates being developed with iodine vapour.
The slower moving band gave 70 mg of 2o-bromo-98:100-decalin-38-ol
crystallized from ether:pentane, m.p. 86°-87°, Vnax 3480. Calculated <
for Cyg, 0Be: €, SL.50; H, 7.35; Br, 34.27. Found: G, 51.56; K,
6.93; Br, 34.40. The n.m.r. had a band at 2.57 (singlet, OH), and a Z

broad multiplet centred at 3.75 (C-2 and C-3 hydrogens, equatorial).

28-Chloro-9R8:10n-decalin-3 a-ol.

Prepared by treating a solution of 2:3-epoxy-98:10 o-decalin in

methylene chloride (20ml) with hydrogen chloride gas for 5 minutes.
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The reaction solution was washed with dilute sodium bicarbonate sol-

ution, water, dried and the solvent evaporated under reduced pressure.

The product was crystallized from ether:pentane, m.p. 72°-73°. Cal-
culated for CIOH17C10: ¢, 63.63; H, 9,08; Cl, 18,79, Found: C, 63.68;
H, 8.98; C1, 18,75, v 3600, The n.m.r. spectrum had bands at 2.18

max
(singlet, O-H) and 4.08 (2H, W 1/2 11 c.p.s., axial hydrogens).

Preparation of Halohydrin Benzoate Esters.

!
|
1
i
i
}

About 1 to 2 equivalents of the benzoyl chloride were added to a
solution of the alcohol in 5 to 10 times its weight in pyridine. After

standing at room temperature overnight, the reaction mixture was poured

into ether and washed with dilute hyrochloric acid solution, dilute

sodium bicarbonate solution and water, dried and the solvent evaporated.

Column chromatography (silica gel) eluting with benzene gave the pure

haloesters. }

3 o-Bromo~-5 a-cholestan-28-yl benzoate.

Crystallized from ether:methanol, m.p. 114°-115¢, [a]D+ 50°.
Calculated for C34H5102Br: C, 71.43; H, 8.99. Found: C, 71.15;
H, 9,04, Vax 1715. The n.m.r. spectrum had absorption at 4.53 | g
(multiplet), 5.48 (multiplet), 7.57 and 8.07 (both multiplets). ‘
These bands were assigned to the C-3 hydrogen (equatorial), the C-2

hydrogen (equatorial) and to the phenyl hydrogens respectively.
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Crystallized from ether:methanol, m.p. 117°-120°, [c:]D +35.5°.
Reported m.p. 115°-118°, [ct]D + 36° (CHCla). (25) The n.m.r. spectrum
ghowed signals at 1.07 (singlet), 3.88: (singlet), 4,50 (narrow band,
W1/2 8 c.p.8.), 5.43 (narrow band, W 1/2 8 c.p.s.), and 7.49 (quartet,
JAB 9 c.p.ss, GB-GA = 63 c.p.8.). These signals were assigned to the
C-19 methyl group, the phenylmethoxy group, the C-3 hydrogen (equatorial),

the C-2 hydrogen (axial) and to the phenyl hydrogens respectively.

28~Bromo-5 o-cholestan-3 oyl p-anisate.

Crystallized from ether:methanol, m.p. 107°-109°, [e:]D + 82°,
Reported m.p. 136°-138°, [u]D + 83* (21). Comparison of the infrared
spectrum and T.L.C. Rf value showed the compound to be identical with
an authentic sample. Mixed m.p. with authentic sample, 134°-136°.

The n.m.r. spectrum showed absorption at 1.17 (singlet), 3.87 (singlet),
4,45 (narrow multiplet, W 1/2 7 c.p.s.), 5.40 (narrow multiplet, W 1/2
9 c.p.S., §,~6, = 61 c.p.s8.). These

AB B A
bands were assigned to the C-19 methyl group, the phenylmethoxy group,

7 c.p.s.) and 7.49 (quartet, J

the C-2 hydrogen (equatorial) the C-3 hydrogen (equatorial) and to the

phenyl hydrogens respectively.

2 ~Bromo~5 e-cholestan-38-yl p-anisate.

Crystallized from ether:methanol, m.p. 173°-175°%; reported m.p.
174°-176°. (25). The n.m.r. spectrum showed signals at 0.90 (singlet)

3.88 (singlet), 4.37 and 5.13 (both broad diffuse bands) and 7.50
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( quartet, JAB 9 c.p.8., GB-GA = 66 c.p.s.). These signals were assign-
ed to the C-19 methyl group, the phenylmethoxy group, the C-2 and C-3

hydrogens (both equatorial) and to the phenyl hydrogens respectively.

28-Bromo-98:100-decalin-3 -yl p-anisate.

Crystallized from petroleum ether, m.p. 61°-63*. Calculated for
C18H2303Br: C, 58.86; H, 6.31; Br, 21,49, Found: C, 58.99; H, 6.46;
Br, 21.60. Vax 1705. The n.m.r. spectrum had signals at 3.78 (singlet),
4,50 (narrow band, W 1/2 6 c.p.s.), 5.38 (narrow multiplet), and 7.48

R v

(quartet, JAB 9 c.p.8., GB-GA = 62 c.p.s.). These bands were assigned

to the phenylmethoxy group, the C-2 and C-3 hydrogens (both axial) and

to the phenyl hydrogens respectively. i

28-Chloro-98:10 o~decalin-3 o-yl p-anisate.

Crystallized from methylene chloride:methanol, m.p. 57°-59°.
Calculated for c18H2303CI: ¢, 66.95; H, 7.18; C1, 10.98. Found:
C, 66.73; H, 7.03; Cl, 11.04. vmax 1705. The n.m.r. spectrum showed
abgorption at 3.85 (singlet), 4.35 (narrow band, W 1/2 8 c.p.8.)
5.28 (narrow band, W 1/2 7 c.p.s.) and 7.48 (quartet, J,, 9 C.PeBey
GB-GA = 63 c.p.s.). These bands were assigned to the phenylmethoxy
group, the C-2 and C-3 hydrogens (both axial) and to the phenyl hydro- ;

gens respectively. ;

28-Bromo-98:10 e-decalin-3 -yl benzoate.

Crystallized from methylene chloride:petroleum ether, m.p.
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110*-111°., Calculated for CI7H213r02: c, 60.53; H, 6.28; Br, 23.69.
Found: C, 60.57; H, 6.28; Br, 24.01. vmax 1710, The n.m.r. spectrum
had signals at 4.47 (narrow band, W 1/2 7 c.p.s.), 5.37 (narrow mul-
tiplet), 7.43 (multiplet) and 8.0 (multiplet). These signals were
assigned to the C-2 and C-3 hydrogens (both equatorial) and the phenyl

hydrogens respectively.

Rearrangement of 2p-Chloro-98:10c-decalin-3a-yl p-anisate to 2o-Chloro-

98:10 c-decalin-3g-yl p-anisate.

The diaxial chloroanisate (500 mg) in a test tube, flushed with
nitrogen and stoppered by a plug of cotton wool, was heated at 140° for
96 hours. T.L.C. [benzene:cyclohexane (1:1)] of the product (a dark
brown oil) showed two spots running very close together. These two
materials were separated by T.L.C., eluting with benzene:cyclohexane
(1:1) five times; under ultraviolet light the materials showed up as
a wide spread band on the T.L.C. plates. This band was cut in half
and each half extracted, the upper half gave 390 mg which was almost
entirely diaxial chloroanisate, and the lower half (108 mg) gave the
diequatorial chloroanisate, crystallized from methylene chloride:meth~
anol, m.p. 106°-107°, vmax 1705, Calculated for C18H230301: c,
66.95; H, 7.18; C1, 10,98, Found: C, 66.74; H, 7.02; Cl, 10,98, The
n.m.r. had absorption at 3.80 (singlet) 4.0 (broad multiplet), 5.0
(broad band) and 7.42 (quartet, J 9 c.p.s., GB-GA = 66 c.p.s.). These
signals were assigned to the phenylmethoxy group, the C-2 hydrogen

(equatorial), the C-3 hydrogen (equatorial) and the phenyl hydrogens

respectively.
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38-Bromo-5 o-cholestan-2 a-yl p-anisate.

This compound was prepared by the diaxial to diequatorial re-

arrangement of 28-bromo-5o-cholestan-3 oyl p-anisate by heating at

135* for 3 hours under nitrogen. Crystallized from acetone:methanol,

mp. 112°-115°, [ct]D = 35°. Reported m.p. 114°-115°, [a]D - 37° (21).

2 a-Bromo-98:10 o-decalin-38-yl p-anisate.

This compound was prepared from 28-bromo-98:10o-decalin-3 oyl
p-anisate (0.4g) by heating at 130° for 18 hours under nitrogen. T.L.C.,
eluting four times with benzene:cyclohexane (1:1), showed two spots,
very close together, with Rf values of 0.63 and 0.54 respectively, the
faster moving material corresponding to the diaxial bromoanisate. The
pyrolysis product was separated by T.L.C., eluting with benzene:cyclo-
hexane (1:1) four times. Under ultraviolet light a broad band was
observed on the T.L.C. plates, with no apparent separation.' The lower
half of this band was removed from the T.L.C. plates and extracted
with chloroform (+ 1% methanol). After filtration, evaporation of
the extract yielded 2o~bromo-98:100-decalin-38-yl p-anisate, crystal-
lized from ether:petroleum ether, m.p. 122°-124°, Calculated for
018H2303Br: C, 58.86; H, 6.31; Br, 21.49. Found: C, 58,76; H, 6.20;
Br, 21.72. vmax 1730, The n.m.r. spectrum had bands at 3.80 (singlet),
4,0 (multiplet), 5.08 (broad band) and 7.42 (quartet JAB 9 c.p.s.,

GB—GA = 66 c.p.s.). These bands were assigned to the phenylmethoxy
group, the C-2 and C-3 hydrogens (both axial) and to the phenyl hydrogens

regpectively,

o T o o
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98:10 o-Decalin~-2 a: 38-dibenzoate.

Prepared by treatment of 98:10a-decalin-20:38-diol with a
twofold excess of benzoyl chloride in pyridine. The product was
purified by T.L.C. (C6H6) and the dibenzoate was-crystallized from

. 0_118¢ .
ether:methanol, m.p. 113°-115°, Voax 1710. Calculated for 024H2604'
c, 76.14; H, 6,92, Found: C, 76.24; H, 6,70, The n.m.r. had bands

at 5.30 (broad band), 7.33 and 7.70 (both complex multiplets). These

bands were assigned to the C-2 and C-3 hydrogens and to the phenyl

hydrogens.

98:10 0-Decalin-28: 3 a-dibenzoate.

Prepared by treatment of 98:10c¢-decalin diol with a two fold
excess of benzoyl chloride in pyridine as previously described.
The crude product was purified by T.L.C. [ether:benzene (5:95)1]

and crystallized from methylene chloride:petroleum ether, m.p. 148°- i

150°. Calculated for C c, 76.14; H, 6.92, Found: C, 75.80;

242604

H, 6.62. v 1710. The n.m.r. spectrum had bands at 5.35 (multiplet,

max

W1/2 4 c.p.s.), 7.42 and 8,02 (multiplets). These signals were as-

signed to the C-2 and C-3 hydrogens (both equatorial) and to the phenyl

hydrogens.

Preparation of Diols.

98:10 a~Decalin-2R8:38~diol.

This compound was prepared from 42-98:10 ¢-octalin and osmium tet-

roxide by the method of Henbest, Smith and Thomas (22), m.p. 140°-141°,
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reported m.p. 140°-141°.

5o-Cholestan-2a:3 a-diol.
This compound was prepared from cholest-2-ene and osmium tetrox-

ide as described by Henbest and Smith (51), m.p. 214°-217%; reported

m.p. 212.-214.l i

5¢-Cholestan-28: 38~diol.

This compound was prepared from cholest-2-ene by the method of
Henbest and Smith (51), with the exception that the reaction mixture
was heated for 3 1/2 hours at 80° and also that the product, after
alkaline hydrolysis, was purified by T.L.C. [ether:benzene (1:1)],

the product being detected by lodine vapour, m.p. 177°-180°, [cz]D + 37°,

reported m.p. 174°-177°, [a]D + 43°,

98:10 o-Decalin-2 a: 38-diol.

Prepared by the method of Ali and Owens (56). 98:10a-Decalin-
28:38-diol (500 mg) was added to a solution of sodium (0.7g) in com-
mercial absolute alcohol (20ml) in a thick walled glass tube. After
flushing out with air the tube was sealed and heated at 160° for 36
hours. The reaction mixture was taken up in ether and washed with
aqueous hydrochloric acid (107), dilute sodium bicarbonate solution
and water: after drying the solvent was removed under reduced pressure.
T.L.C. [methanol:ether (2:98)] showed the product to consist of two

materials in almost equal amounts the faster moving material corresponding
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to starting material. The two materials were separated by T.L.C.
[methanol:ether (2:98)], being detected on the T.L.C. plates by iodine
vapour. The diequatorial diol, i.e. the slower moving of the two ma-
terials on the T.L.C. plates, was extracted from the silica gel and

crystallized from benzene, m.p., 166°-168°. Reported m.p. 168°.

98:100-Decalin-28:3 o-diol.

Prepared by hydration of 2:3-epoxy-98:10c-decalin with aqueous
sulphuric acid as described by Henbest et. al.(22), crystallized from

benzene:petroleum ether, m.p. 161°-162°, reported m.p. 163°-164°,

Trimethyl Orthobenzoate.

Prepared from benzotrichloride and sodium methoxide by the method
of McElvain and Venerable. (57), b.p. 55°~56° (1.0 mm), nzg 1.4974.

Reported b.p. 114°-115° (25 m), nzg 1.4858.

50-Cholestan-3-one.

Prepared by oxidation of 5a-cholestan-38-0ol as previously described

(52).

5a-Cholestan-2-one.

Sample kindly provided by Professor E.W. Warnhoff.

3g8-Bromo-5o-Cholestan-2a-ol.

Sample provided by Dr. R.G. Pews.




Tetraethylammonium bromide and chloride.

Eastman Organic Chemicals material were, in both cases,
recrystallized from methylene chloride:petroleum ether and dried

umder‘high vacuum prior to use.
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APPENDIX I

Attempted diaxial to diequatorial rearrangement of
98:10 o-pecalin-28-yl-trifluoroacetate-3 a-yl p-anisate,

Some attempts have been made to see if diaxial dicarboxylic
esters such as I will undergo the diaxial to diequatorial rearrange-

ment to give the corresponding diequatorial diester II (1).

i
c:=0
/
0
_—
A OCOR
0 r'coo
0:¢”
FL,

To date, no example of this rearrangement with diesters has been dis-
covered, though its possibility has been suggested (2). It was con-
sidered that the trans-decalin trifluoroacetate p-anisate diaxial
diester (I, R = CH3op06H4-; R, - CF3-) night very well undergo this
type of rearrangement since it contains ester groups substituted with
both electron withdrawing and electron donating groups. Also to judge

from the results found upon thin layer chromatography of this diester
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on silica gel, i.e. that hydrolysis via an anisoxonium ion seems to
occur {see page 36 ), the trifluoroacetate would appear to act as a
leaving group.

After refluxing for 36 hours in dioxan the diester however, as
evidenced by thin layer chromatography and the infrared spectrum, was
unchanged. After refluxing for a week in dioxan, no evidence of any
rearranged diester was obtained although thin layer chromatography
indicated that gome decomposition had occurred.

There are several factors which may be responsible for the
failure of the diester to undergo rearrangement. It may be that an
insufficiently high temperature was used or that the solvent did not
have a high enough ionizing power. However the most probable reason
is simnly that, under the conditions used, the trifluoroacetate group
does not act as a good leaving group. The ability of a group to

ionize, partially or fully, appears to be a necessary requirement for

147

the diaxial-diequatorial rearrangement to occur, since in all the cases

reported of this rearrangement, one of the groups involved is generally

regarded as being a good leaving group.

Experimental
A solution of the diester (21 mg) in dioxan (1 ml) was refluxed

for 36 hours. The solvent was removed by evaporation and the product

examined by T.L.C., eluting with benzene, Apart from the starting

materiai no trace of any other material was visible under ultraviolet

i
!
|
}
i
|
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g l1ight. The infrared spectrum was identical to the starting material. &

e _‘," ot (

Hral The experiment was repeated, using the same conditions as above except i

|

BT |

that the solution was refluxed for one week. Again examination of the &

Ty ? !

product by T.L.C. failed to show any signs of rearranged diester.
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APPENDIX II

Coped

Summary of n.m.r. data

The chemical shifts are reported in p.p.m. downfield from the
tetramethylsilane signal, Peak widths at half peak height (W 1/2)
are reported in c.p.s.; C-19 methyl resonances are reported in c.p.s.

downfield from tetramethylsilane.

Ry

R2
R3
R4
H w1/2
HE W1/2 R /

PePeMs C.PeS  PiPeMe CoPeSe

. - R = =R, = . .8 22
R, = pCH0CH,C00- R, = OH,Ry = R, = H.  5.29 8 3.87

n m £ = = . . 095 21
Rl OH,R2 Q_CH30C6H4C00 ’ R3 R4 H. 4.18 6 4

= = -3 -3 - . 20
Ry = R, = H,Ry = OH,R, = pCH,0CH,C00-. 5,29 6  3.87

2

a -] = - = . 2
R R, = H,Rq DCH40CH,C00-, R, OH. 4.13 6 5.13 1
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c-19
Methyl
(c.p.s.)

59

64

49

54

-
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HE w1/2 HA W1l/2

PePelM. CuPeSe  PePsfls CuPeB.

Ry = R, = H,Ry = OH, R, = pCH0CGH,C00-. 5.30 7 .71 2

R = Ry = H, Ry = pCHy0CGH,C00-, R, = OH.  4.13 6 4,95 - ,

R = Ry = B, Ry = OH, R = CGH,CO0-. 5,37 7 .78 21
R = R, = H, Ry = CgHsC00-, R, = OF. 418 5 503 -
R = R, = K, Ry = OF, R, = HCOO-. 5. 6 370 21

R, = R, = H, R, = OH, R, = CH,C00-. 513 7 370 2
R = R, = H, Ry = CHyC00-, R, = OH, 4,08 1 L78 -
Ry = R = H, Ry = OH, R, = CHqCH,000-. 5.17 8 3.77 20 (
Rl = R2 = H, R3 = CH3CHZCOO—, R4 = OH, 4,05 6 4,80 -




2) trang-Haloesters

a) Steroid compounds

=R =H

Rl = Br, Ra = CHBOCGHACOO.’ Rz 3

R1 = CH3OC6H4C00-, R4 = Br, R2 = R3 = H

R =R

L = % = H, Ry =Br, = CH

3OC6H4COO-.

b) Decalin compounds

R1 = Br, R4 - CH3006H4C00-, R2 = R3 = H,

R, = Ra = H; R

) = CH,0CgH,C00-, Ry = Br.

2

R1 = Cl, R4 = CH3006H4000-, R2 = R3 = H

Rl = R4 = H; RZ = CH3OC6HACOO-, R3 = (1l

R = Br, R, = C.H

00-, R, = R_ = H.
1 4 5C

2 3

R (p.p.m.)
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APPENDIX III

The reductive elimination reaction with complex metal hydrides.

I Introduction

The elimination reaction leading to the formation of a carbon-

carbon double bond may be expressed by the following equation,

ttx —» N
| 2
Reactions of this type can be classified into three general types:
oxidative (i.e. dehydrogenation), reductive (X,Y = halogen) and
metathetical (X = H, Y = halogen) (1).

Most of the studies made on the reductive elimination reaction
have been undertaken using an alkali metal iodide as the reducing agent.
Recently a study of the reductive elimination of 1,2-dihalides and
halohydrin-toluenesulphonates has been reported (1,2). The major part
of this work was concerned with the use of lithium aluminum hydride to
effect the reaction. It was found, in general that trans-diaxial di-
bromides and bromohydrin p-toluenesulphonates were reduced to the
olefin in high yields. It was also found that although the trans-

diaxial orientation of the groups (X and Y) was most favourable for

the elimination reaction, in come cases a cis elimination could occur.
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Thus reduction of dl-stilbene dibromide at-10* gave 957 trans-stilbene
(formally the product of cis-elimination). Also cis-1,2-dibromocyclo-
hexane was found to give cyclohexene and it was concluded that this
reaction occurred via a "true" cis-elimination process.

The reductive elimination reaction has been discussed in terms

of four possible mechanisms (2), as outlined in scheme I. Any mechan-

istic proposal must account for the normal formation of the olefin via

|
|
i
|
i
I
!
|
{

Nl e a trans-elimination process, although in special cases, cis-elimination

pay be preferred. It has been guggested by DuPuy (3) that co-planar
transition states, whether cis or trans, are preferrable to non-co-

planar ones as far as concerted elimination reactions are concerned.

YIS oypat

gt Mechanism (a), analogous to the Elqb metathetical elimination was
R PR D

excluded since it did not explain the apparent stereospecificity of

Teaiangtptoe

the reduction with lithium aluminum hydride. It has been suggested

o 1t

that the transition state (b) would appear to be more probable than

o rnad Gy

either (c) or (d) since it could account for all of the observed elim- |
ERCLUS

) , inations (both cis and trans), however the evidence was not regarded
oyt e
as conclusive,

Pews also briefly investigated the use of other complex metal
hydrides as reagents for the reductive elimination reaction. Using

28:3o-dibromo-5o-cholestane as substrate the following results were

obtained., Unreacted starting material was the principal constituent
of the product recovered after treatment under the following conditions;

(a) sodium borohydride in methanol at room temperature, (b) sodium
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trimethoxyborohydride in diglyme (diethylene glycol dimethyl ether) at
room temperature, (c) lithium tri-tert-butoxyaluminohydride in refluxing
tetrahydrofuran, (d) lithium borohydride in ether or tetrahydrofuran
under reflux, (e) diborane in diglyme at room temperature. With sodium
borohydride in triglyme (triethylene glycol dimethyl ether) at 136°,
lithium tri-tert-butoxyaluminohydride in triglyme at 136° and sodium-
borohydride and aluminum chloride in diglyme at 100° neither starting
material nor cholest-2-ene were isolated. However sodium trimethoxy-
borohydride in diglyme at 136° was found to give cholest-2-ene in 88%
yield.

The kinetics of the reduction of 28:3c-dibromo-5c-cholestane and
2 @ 38-dibromo-5 o-cholestane with sodium trimethoxyborohydride in dioxan
vere investigated and it was found that the diaxial dibromide was reduced
about 35 times faster than the diequatorial dibromide, again suggesting
that a trans-elimination process was operating here.

In the study of the reductive elimination reaction with lithium
aluminum hydride it had been found that the diaxial dibromide 28:3o-
dibromo-5 6-cholestane, was reduced at about the same rate as both of
the corresponding diaxial bromohydrin p-tolucnesulphonates, 2B~bromo-

5 o-cholestan-30-yl p-toluenesulphonate and 3 o-bromo-5 o-cholestan-28-yl
D-toluenesulphonate. This observation, it was noted, differed from the
results found with sodium iodide. Cristol and co-workers have found

that trans-2-bromocyclohexyltosylate was reduced about 20 times faster

than trans-1,2-dibromocyclohexane (4), With sodium trimethoxyborohydride
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in dioxan, Pews found that 28:3 a-dibromo-5a-cholestane was reduced
approximately 20 times faster than 28-bromo-5c-cholestan-3 ¢yl p-tol-
uenesulphonate, and it was suggested that "since a single mechanism
cannot readily accommodate such an inversion of relative rates, it

seems likely that the reductive elimination reaction may proceed

through more than one mechanistic path".

The work presented here is part of an attempt to extend and to
clarify the features of the reductive elimination reaction of 1,2-
dibromides and halohydrim sulphonate esters using complex metal hydrides
such as sodium trimethoxyborohydride.

Unfortunately, the elimination reaction of 1,2-dibromides with
sodium borohydride and trimethoxyborohydride did not turn out to be
as general as in the case of lithium aluminum hydride. In many cases

although an apparent reaction occurred between the dibromide and the

hydride reagent, as evidenced by loss of starting material, no olefin
was found in the products. Since the main purpose of this investigation ;
was to study an elimination reaction, no real attempt was made to identify
the products in those cases where starting material was consumed and

no olefinic products were obtained. Since an elimination reaction f
occurred with only a few dibromides it did not seem worthwhile to

carry out an intensive study of these rather few special cases.

In summary it may be said that the "list of reactions in which
neither starting material or olefin was found" (Ref. 2, page 51) has

been extended!
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II.  Reaction of 1,2-dibromides with sodium borohydride

Table I summarizes a number of experiments designed to show the
range of compounds reducible with sodium borohydride.

It was found that meso-stilbene dibromide was rapidly reduced

to trans-stilbene in high yield. Thus when sodium borohydride was
added to a solution of the dibromide in diglyme at room temperature,

an immediate reaction occurred, with the evolution of gas. trans-Stil- |
bene was the only product isolated after 15 minutes. That an elimination

reaction occurs with meso-stilbene dibromide was not very surprising

since the number of reagents which will effect this reaction are quite

numerous, Pews has listed fourteen (2). In fact diglyme itgself causes
some elimination. mego-Stilbene dibromide is mot very soluble in cold
diglyme and has to be heated for some time in order to obtain a solution. |
From this solution a small amount of trans-stilbene was obtained, amount- ;
ing to 11.57.

d1-Stilbene dibromide also reacted quite readily with sodium
borohydride at room temperature, although at a slower rate than meso-
stilbene dibromide. As found with lithium aluminum hydride (2) a mixture
of cis and transg-stilbenes was obtained with trans-stilbene predomin-
ating. With 2B:3o-dibromo-5 a-cholestane very little elimination was
observed, most of the product being unchanged starting material.

That the reaction between sodium borohydride and some dibromides

can be quite complicated was demonstrated by the reaction of 5068~

dihromocholestane with hydride reagent. Thin layer chromatography of
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the product showed at least eight materials to be present, none of
vhich corresponded to either the starting material or cholest-5-ene.
The rate of reaction of sodium borohydride with trans-l,2-di-

bromocyclohexane, ethylene dibromide and octane-1,2-dibromide in

diglyme was determined by potentiometric titration of the bromide ion
formed during the reaction (2). A 20 fold excess of hydride was used
in each case and the results were treated in a pseudo first order manner. %
All three compounds were found to react quite readily, the ethylene di-
bromide being the fastest and the dibromocyclohexane being the slowest.
However these reactions do not correspond to an elimination. Ethylene
dibromide when treated with hydride for a period equivalent to three
half lives gave no ethylene detectable as ethylene dibromide. The
stoichiometry of this reaction was found by following the rate of the

reaction by both bromide ion analysis and by determining the amount of !

borohydride consumed. It was found that approximately twice as much

borohydride was used up as bromide ion formed. %

In the reaction of octane-l,2-dibromide with lithium aluminum
hydride it has been noted that the substitution reaction product pre-

dominated over the elimination product (5). With ethylene dibromide,

i
i
3
i
{
i

in which both bromine atoms are primary, the substitution reaction,
to give ethane or bromoethane, could presumably occur quite readily;

however no attempts were made to detect either of these possible

products.
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Similarly with the dibromocyclohexane, no cyclohexene was

found upon treatment with sodium borohydride in diglyme, despite
the fact that some 602 of the starting material had been consumed

no cyclohexane was detected either.

One possibility which might account for the loss of starting

material is outlined in the following equation.

Br
| / /

2 —2¢ + o —-:.\c = + 4 + 2t 4 B,H,
/ N\ 4 / \

This equation also corresponds with stoichiometry of the reaction
mentioned above. An elimination reaction might occur with the con- .
comitant formation of diborame. Brown and co-workers have shown that,
in ethereal solvents, diborane reacts rapidly with olefins to give

the corresponding alkylboranes (6). Consequently the product from 3

treatment of the dibromocyclohexane with borohydride might possibly
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be a cyclohexylborane. Alkylboranes are quite readily oxidized by
alkaline hydrogen peroxide to give alcohols. To test this idea trans-
1,2-dibromocyclohexane was reacted with sodium borohydride in diglyme
at 110°* for 60 hours. The resulting solution was treated with alkaline
hydrogen peroxide as described by Brown. Only 3.4% of cyclohexanol was
detected, by vapour phase chromatography, along with 117 of cyclohexyl
bromide, and 62.5% of the starting material. Thus the formation of an
alkylborane does not seem to play an important part in this reaction.
The small amount of cyclohexanol could have arisen by a substitution
reaction on the monobromide. If this were the case then approximately

15% of cyclohexyl bromide would appear to have been formed.

ITI. Reaction of 1,2-Dibromides with sodium trimethoxyborohydride

Sodium trimethoxyborohydride was originally prepared by Brown,
Schlesinger et al (7). As a reducing agent toward many organic compounds
it appeared to be stronger than sodium borohydride. Pews (2) had already
shown that sodium trimethoxyborohydride would do the reductive elimination
reaction on 28:3 a-dibromo-5o0-cholestane, giving cholest-2-ene in 887
yield and it was thought that this compound might prove to be another
general reagent for such elimination reactions. As can be seen from
Table II, sodium trimethoxyborohydride did react with a wider range of
dibromides, to give olefin, than sodium borohydride. However it soon became
apparent that, as had been found with sodium borohydride, in many cases

while little or no olefinic product was obtained a considerable amount
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of starting material had been consumed.

Both meso and dl-stilbene dibromide were reduced readily by sodium
trimethoxyborohydride, apparently at a slightly slower rate, to judge
by the yields, than with sodium borohydride. In both cases trans-stil-
bene was the only product isolated. The product from the reduction
of dl-stilbene dibromide with trimethoxyborohydride showed no trace

of cig-stilbene, as judged by the absence of absorption at 925 cm'1 in

the infrared spectrum.

A general trend can be seen from the results listed in Table II.
Apart from the stilbene dibromides, the highest yields of olefin were
obtained from the most highly substituted dibromides. In the cases
where the substitution is the same, i.e. the cholestane dibromide,
dibromocyclohexane and the butane dibromides, the highest ylelds of

olefin were obtained from the most hindered dibromide. Conversely,

the less hindered or less gubstituted the dibromide, the more susceptible

it appeared to be to other (7) reactions.
The observation of Pews that bromohydrin tosylates were reduced

at a slover rate than dibromides with trimethoxyborohydride has been

confirmed in the case of the cyclohexyl compounds; the dibromocyclo-

hexane giving about 5 times as much cyclohexene as the bromotosylate

when both were allowed to react under the same conditions. The 2,3-

dibromobutanes gave low yields of the 2-butenes. gggg:Z,S-Dibromobutane

in tetrahydrofuran gave a mixture of butenes, 90% of which was tramns,

In dioxan a somewhat higher yield of 2-butene was obtained which was

.

it
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all trans, only a very slight trace of cis-2-butene being detected.

The reaction of d1-2,3-dibromobutane with sodium trimethoxyborohydride
was much less stereospecific in both tetrahydrofuran and in dioxan cis
and trans-2-butene being detected in a ratio of 3:2. Since the yields

in both cases, were so low, to put forward any mechanistic proposals

to account for this lack of stereospecificity would be unjustifiable.
The reaction of the dibromobutanes presents a good example of _

some of the complexities involved in the study of these reactions.

In dioxan, the yieldé of 2-butene were higher in both cases than in

tetrahydrofuran; moreover a large amount of starting material was

detected and with both meso and dl-dibromobutanes from 70 to 802 of

the material could be accounted for either as 2-butene or unreacted ;

starting material. This may be contrasted with the results obtained in ﬁ

tetrahydrofuran. Not only were the yields of 2-butenes lower, but
very little starting material was detected and in the case the dl-di-
bromide approximately 90-95% of the starting material could not be

accounted for. Weither 1-butene or n-butane was detected in any of

M oo et At e S s

the reaction products.

A similar solvent effect may be noted in the reaction of trans-
1,2-dibromocyclohexane with sodium trimethoxyborohydride. In this
case the yield of cyclohexene was highest when the solvent was diglyme,
and lowest when dioxan was used.

Some attempts were made at studying the kinetics of the reaction be-

tween trans-1,2-dibromocyclohexane and sodium trimethoxyborohydride. Even




though a large excess (20x) of hydride reagent was used, the results
did not conform to any simple rate expression. A plot of log (100-ZR)
V. time gave a curve, with the rate decreasing with time, The most
noticeable feature of such plots was that initially a quite fast re-
action occurred, to 10-20R, after which the rate glowed appreciably.
It vas also found that the reactivity of different preparations of
sodium trimethoxyborohydride differed quite widely. Despite many
attempts the hydride could not be prepared in greater than 902 purity.

When this study vas first initiated it vas thought that godium
trimethoxyborohydride, in solution, was a stable compound. However,
vhea the material was dissolved in eitherltetrahydrofuran or diglyme
it was observed that a white precipitate rapidly formed. This was
first attributed to solvent impurities reacting with the hydride and
rigorous precautions were taken in purifying the solvents. Even with
very pure solvents formation of a precipitate still occurred. A rather
belated literature survey was conducted and it was found that Brown
had observed the same phenomena some years earlier (8). A study of
the dissolution of sodium trimethoxyborohydride in both diglyme and
tetrahydrofuran had led Brown and co-workers to conclude that in sol-
ution in either of these two solvents the hydride disproportionated
according to the following equation.

4NaBH(OCH3)3 —> NaBH, + 3NaB(0CH3)4.

In diglyme sodium borohydride was soluble but the sodium tetra-

methoxyborohydride was insoluble and precipitated out. In tetrahydro-
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furan, however, sodium tetramethoxyborohydride was soluble, but

sodium torohydride was insoluble. It was also found that whereas in
diglyme the tetramethoxyborohydride precipitated out almost completely,
in tetrahydrofuran the sodium borohydride did not precipitate complete-

ly. Apparently sodium borohydride has a certain solubility in solutions

of sodium tetramethoxyborohydride in diglyme.
Thus in one solvent (tetrahydrofuran) used to study the reductive
elimination reaction, one has the situation in which a large amount of
the available hydride is removed from solution by precipitation, and in
the other case, that of diglyme, most of the alkoxyborate is removed.
However, from the results obtained with the dibromides the dis-

proportionation reaction does not seem as simple as first proposed by

Brown. In many of the reactions reported here, various dibromides,

which undergo an elimination reaction with solutions of sodium tri-
methoxyborohydride, either do not react or do not give any simple
elimination products with sodium borohydride. Also the initial fast

rate of reaction of the hydride with trans-1,2-dibromocyclohexane

E
N
]
{
i

seemed to indicate that, at least initilally, a stronger reducing agent

than sodium borohydride was present. In fact the rate of reaction

of dibromocyclohexane with sodium trimethoxyborohydride was several

times faster than that of the dibromide with sodium borohydride alone.
The results obtained from the reaction of the dibromobutanes

with trimethoxyborohydride are now, if not completely explicable, then

a little less obscure since it is apparent that in the different
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solvents used quite different reducing species might be present. In
dioxan the sodium trimethoxyborohydride did not appear to have any

great solubility under the conditions used.* Sodium borohydride is quoted
as being generally insoluble in ethers (9), and as to exactly what species
of hydride ion is present, in solution, in dioxan it is not possible to

say.

IV. Reaction of 1,2-dibromide with sodium borohydride:sodium

tetramethoxyborohydride.

Since the dissolution of sodium trimethoxyborohydride apparently
gives, in certain solvents, a mixture of sodium borohydride and sodium
tetramethoxyborohydride, it was thought to be of interest to see if,
starting with such a mixture, the same results were obtained upon re-
action with dibromides as were found using the trimethoxyborohydride.
Some of the results obtained are listed in Table III. Using a 3:1
mixture of tetramethoxyborohydride to borohydride in diglyme essentially
the same results were obtained as found with sodium trimethoxyborohydride.
Alss, as noted previously, no elimination product could be detected
from the reaction of octane-1,2-dibromide with hydride mixture,
and no starting material was found in the product either. It was
attempted to detect a possible alkylborane derivative by oxidation of

the product with alkaline hydrogen peroxide. Some l-octanol (11.5%)

¥ Solubility of sodium trimethoxyborohydride in dioxan has been

given, in g/100g of solvent, as 1.6 (25°) and 4.5 (75°). (D).

i
!
N
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was detected - but no dibromide or l-octene was found.

Although the formation of an alkylborane is not disproved by this
result, if it 1s formed it does not appear to be the major product. As
vas noted in the case of the reductions with sodium trimethoxyborohydride,
the more substituted dibromides gave higher yields of olefin, i.e. 2,
3-dimethyl-2,3-dibromobutane gave quite a good yield of olefin.

Some kinetic studies were carried out with the mixture of boro-
hydride and tetramethoxyborohydride. Using a large excess of hydride
mixture again the results did not conform to a "pseudo" first order rate
expression. With trans-1,2-dibromocyclohexane, using a plot of log
(100-ZR) v. time, a curve was obtained.

In contrast to the result obtained with sodium trimethoxyboro-
hydride, the reaction was slow initially but the rate increased contin-
ually. When the reeults vere plotted simply as ZR v. time then a
straight line was obtained. This result corresponds to a "pseudo”
zero order reaction, i.e. WMM
of the substrate, It must again be noted that the overall rate of re-
action varied somewhat depending on the origin of the hydride mixture.
With each batch of tetramethoxyborohydride or borohydride the results
were reasonably consistent, but use of a different sample of either

sometimes gave quite different results.

It would seem from these results that the mixture of borohydride
and tetramethoxyborohydride must give rise to some other hydride species

which is the effective reagent for the elimination reaction, and that

|
!
‘,
5
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the rate of reaction is dependent on the concentration and rate of
formation of this species. This would also explain the slowing down
of the rate observed with trimethoxyborohydride, since initially it
may be supposed there would be a high concentration of reducing agent
present and that after a short time the amount of this species would
be reduced, either by the disproportionation or by reaction with di-
bromide, and that the rate of reaction would then become independent
of substrate.

It must also be pointed out that the rate of reaction of tri-
methoxyborohydride and of the tetramethoxyborohydride: borohydride
mixture did not bear any simple relationship to one another. The rate
of reaction of the hydride mixture with the dibromocyclohexane was
considerably faster than that of the trimethoxyborohydride.

If the rate of the reaction between the dibromides and the
hydride mixture, as determined by potentiometric titration of the bromide
lon formed, are to be meaningful, they must be related directly to the
yields of elimination products. This was determined in one case, that
of trans-1,2-dibromocyclohexane. At 110° a yield of 72% of cyclohexene
would have been expected from the results of the rate study at this
temperature after 2 hours. From a product isolation experiment a 552
yield of cyclohexene was detected after 2 hours at 110°, equivalent to

76.5% of that expected.

At 110°, a plot of log (100-7R) v. time more nearly approximates

to a straight time, i.e. the reaction obeys a "pseudo" first order rate
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expression. This could possibly mean that as the temperature increases
the rate of reaction is becoming more substrate dependent, due to an
increasing concentration of the reducing agent. However, raising the
temperature of the reaction also causes the reaction to increase to
such a rate that it becomes difficult to measure with the techniques
employed here.

The rate of reaction of the nydride-alkoxyhydride mixture with
trans-2-bromocyclohexyl p-toluenesulphonate was also determined at
110°, and was found to be approximately 12 times slower than the cor-
responding reaction with dibromocyclohexane. Since no product iso-
lation experiment was carried out on this reaction in diglyme not
much significance can be attached to this result (although a low yield
of cyclohexene was isolated from the reaction of the bromotosylate
with trimethoxyborohydride in tetrahydrofuran).

The effect on the rate of the reaction of dibromides with sodium
borohydride to give bromide fon, upon adding tetramethoxyborohydride,
was demonstrated by the results found with octane-1,2-dibromide. At
100° the rate of reaction of the Bibromide with the hydride mixture

was approximately 12 times that of the reaction with sodium borohydride

alcne,
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CONCLUSION

With regard to the mechanism of the reductive elinination reaction
using metal hydrides, the results obtained in this study serve more
to confuse rather than to clarify. Since in only a few cases were
high yields of elimination products obtained, no gemeral conclusions
concerning the mechanism of the elimination reaction can be drawnm.

Concerning the nature of the reducing agent it has been shown
that both sodium trimethoxyborohydride and the sodium borohydride-
sodium tetramethoxyborohydride mixture give rise, in diglyme and tetra-
hydrofuran, to some reactive species capable of doing the reductive
elimination reaction, and thus the disproportionatior reaction may
be, to a slight extent, reversible. Three possible alkoxyborohydrides
which could be formed are BH(OCH3)3, BH2 (OCH3)2 and BH3(OCH3). Any,
or all, of these hydrides may be the reducing agent responsible for

the elimination reaction.

173




EXPERIMENTAL

Purification of Solvents

eaim oAty
D Tetrahydrofuran
o Figher certified reagent grade was refluxed for several hours
e i vith 1ithium aluminum hydride, then distilled.
Jyni Mogan
o iad indy Figsher certified Reagent grade was purified by the method out-
o nuthos 1ined by Vogel (10).
ety
petet e Benzene

B.D.H. "Analar" benzene was refluxed over calcium hydride and |

then distilled.

Mrreae

Diglyme |
Commercial diglyme (diethylene glycol dimethyl ether supplied g
under the trade name Ansul Ether 141 by the Ansul Chemical Company)

was distilled initially from sodium and then from lithium aluminum

|
|
{
{

hydride under reduced pressure.

Inorganic preparations

174
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Sodium borohydride
Commercial sodium borohydride analysed at between 84-88% by the

method previously reported (11). A more pure material could be obtained

by crystallization from diglyme by the method of Brown and co-workers.

RURVERLT & (12). This material analysed at 997%.
S Sodium trimethoxyborohydride
Brepared from sodium hydride and trimethylborate as previously
AR A ST described (7), and purified by the method of Pews (2); the product
analysed at 85-907 purity.
A

- e

Sodium tetramethoxyborohydride

Prepared from trimethylborate (Anderson Chemical Co.) and

sodium methoxide by the method of Brown and Mead (13).

Preparation of 1,2-dibromides and halohydrin p-toluenesulphonate

“mego-Stilbene dibromide

Prepared from trans-stilbene as described by Fieser (14) and

crystallized from toluene; m.p. 237°; reported m.p. 237° (14).

d1-Stilbene dibromide

Prepared from cis-stilbene as previously described (14); m.p. .

113°-114°; reported m.p. 113°-114° (14). :

meso-2:3-Dibromobutane

Sample kindly provided by Dr.R.G. Pews, b.p. 72°-73° (51 mm),

n?0 1,5120; reported b.p. 72.7°-72.9° (50 m), n2g 1.5116 (15).




d1-2:3-Dihromobutane
Prepared from cis-2-butene [Matheson Inc. C.P. Grade] by the
method previously described (2); b.p. 85° (60 mm), n25 1.5144; re-

D
ported b.p. 75.6°-75.8° (50 mm), nzg 1.5147 (15).

trans-1:2-Dibromocyclohexane

176

Sample provided by Dr. R.G. Pews, nzg 1.5507; reported n’y 1.5507

(16).

28:3o-Dibromo~=5 o-cholestane

Prepared from cholest-2-ene as described previously (17); m.p.

122°-123°, [a]n + 74%; reported m.p. 123°-124°, [a]D +76* (17).

50: 68-Dibromocholestan~-36-o0l
Prepared by the method of Fleser (14) and crystallized from
ether: petroleum ether, m.p. 114°-115°, [a]D - 43° reported m.p.

112°-114°, [u]D - 44* (18).

trang-2-Bromocyclohexanol

Prepared from cyclohexene and N-bromosuccinimide by the method

of Winstein and Buckles (19); b.p. 51* (1.5 mm), nzg 1.5182; reported

25

b.p. 86.6°-88.4° (10 mm), n D

1.5184.

trang-2-Bromocyclohexyl tosylate

Prepared from trans-2-bromocyclohexanol and p-toluenesulphonyl
chloride by the general procedure of Winstein, Grunwald and Ingraham

(20); m.p. 44°-46°; reported m.p. 44°-45° (4).
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Cholest-Yi-ene

Prepared from cholesteryl chloride by reduction with sodium in

liquid ammonia as described previously (21); product crystallized from
ether:acetone, m.p. 92°-93°, [a]‘ﬂn - 57° reported m.p. 92°-93%,

{a] D" 53° (21).

5 o 68-Dibromocholestane

Prepared from cholest-5-ene by the method of Grob and Winstein
(22). The product was crystallized from ether:methanol, m.p. 94°-95°,
[(u]D - 36°; reported m.p. 109.5°, [ez]D - 40%. Grob and Winstein also

reported a dimorphic form of the dibromide, m.p. 95°-96°,

2:3-Dibromo-2-methylbutane
Prepared from 2-methylbut-2-ene [Phillips Petroleum Co. 99 mole

% ainimm] by the same method used for the bromination of l-octene.
The product distilled at 48°-50° (15 m), n’-g 1.5100; reported b.p.

0
63° (19 m), nzn 1.5090 (23).

2:3-Dibromo-2:3-dimethylbutane.
This compound was prepared from tetramethylethylene (Columbia

Organic Chemicals Inc.) by the same method as used for the bromination

of oct-l-ene. The product was crystallized from ether:petroleum

ether, m.p. 175°-176° (sealed capillary tube); reported m.p. 177°-

177.5° (24). ~
R
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A solution of oct~l-ene (15.9g) in carbon tetrachloride (100 nl)
was maintained at -10° to -20* vhile a solution of bromine (22,5g) in
carbon tetrachloride (150 ml) was added over a period of 2 hours.

The resulting solution was washed with dilute sodium bisulphite sol-
ution, dilute potassium hydroxide solution and water; after drying
the solvent was removed and the residue distilled under reduced
pressure. Octane-1:2-dibromide distilled at 48°-50° (2 mm), nzg

1.4950. Reported b.p. 118.5* (15 mm) 0’0 1.4970 (25).

cis-Stilbene

A sample of cis-stilbeae was prepared by the pyrolysis of

¢is-1:2-diphenylethylene sulphone (provided by Dr. A. Durst).

Possible isomerization of cis-3tilbene
cis-Stilbene (25 mg) was heated with sodium trimethoxyborohydride
(250 mg) in tetrahydrofuran (5 ml) under reflux. The product was

shown by T.L.C. (petroleum ether) to be almost entirely cis-stilbene.

Ethylene dibromide

British Drug Houses laboratory reagent grade material was
distilled at atmoapheric pressure, the fraction boiling at 130°-131°

being collected.

|




Crtnkee apy

1l .’Vl.’("_{j'}

179

Reaction of Dibromides with Bydride Reagents

I. Sodium borohydride

meso-Stilbene dibromide

meso-Stilbene dibromide (68 ng) vas added to diglyme (10 ml) and |

the mixture vas heated at 80° until all of the dibromide had dissolved.
The solution was cooled to room temperature and sodium borohydride

(76 mg) was added. An immediate evolution of gas was observed. After
standing for 15 minutes at room temperature, the reaction was poured
into acidified water and extracted with ether. The ether extracts
were washed with dilute sodium bicarbonate solution, water, dried and
the solvent removed under reduced pressure. The crude product (34 mg)
vas ghown by infrared and T.L.C. [benzene:petroleum ether (1:1)] to

be trans-stilbene. Crystallization from ether:methanol gave trans-

stilbene, m.p. 123°-124°, mixed m.p. with authentic sample 123°-124°,

dl-Stilbene dibromide

To a solution of the dibromide (68 mg) in diglyme (10 ml) was
added sodium borohydride (76 mg). A slow evolution of gas was observed.

The reaction was stood at room temperature for 30 minutes, then the

product was isolated in a similar manner to that for the meso-stilbene
dibromide. T.L.C. [benzene:cyclohexane (1.9)] showed two spots cor-

responding fn R, to transestilbene and to dl-stilbene dibromide. The

£
infrared spectrum also showed that a mixture of si:ilbenes had been

1

obtained with peaks at 960 cm ~ and 925 cm-l. The mixture was separated
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by T.L.C. [benzene:cyclohexane (1:9)] and gave a mixture of cis and

|
trans-stilbenes (14 mg) and dl-stilbene dibromide (32 mg). In the |
nixture of stilbenes trans-stilbene predominated and from the intensity l
of the peaks at 962 cn-l (trans) and 925 cn-l (cis) it was estimated ‘

that the mixture consisted of 75% trans-stilbene and 25% cis-stilbene.

Stability of meso-Stilbene dibromide in diglyme
meso-Stilbene dibromide (70 mg) was heated at 80° in diglyme

until the dibromide had dissolved (30 minutes). The solution was
cooled and stood at room temperature for 2 hours. The reaction
mixture was poured into water and the product isolated by extraction
vith ether, T.L.C. [benzene:petroleum ether (1:1)] showed the product
(63 mg) to consist of mainly meso-stilbene dibromide but a small
amount of trans-stilbene was detectable. The mixture was separated

by T.L.C. [benzene:petroleum ether (1:1)] and trans-stilbene (4 mg)

was 1solated and identified by its infrared spectrum and m.p. \

Stability of dl-Stilbene dibromide in diglyme
The dibromide (69 mg) was dissolved in diglyme (10 ml) and the

solution stood at room temperature for 3 hours. The product was 1solated
as described above. The infrared spectrum was almost identical with

that of dl-stilbene dibromide. Upon T.L.C. [benzene:petroleum ether

(1:9)] no stilbene was detectable. -
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28:3 o-Dibromo-~5 a~cholestane
A solution of the dibromide (58 mg) and sodium borohydride (38 mg)

In diglyme (10 ml) was heated at 85° for 11 hours. The reaction mixture
was poured into water and extracted with ether; the ether extracts were
vashed with vater, dried, and the solvent evaporated. T.L.C. [petroleum
ether] showed that the product (52 mg) consisted of mainly the starting
material, together with some 2a:3B-dibromo-5o-cholestane and a slight
trace of cholest-2-ene. FProm the intensity of the spot corresponding to
cholest-2-ene it was estimated that there was less than 107 of this

elimination product present.

5 o 68-Dibromocholestane
To a solution of the dibromide (108 mg) in diglyme (10 ml) was

added sodium borohydride (77 mg) and the reaction was stood at room
temperature for 15 hours. The reaction solution was poured into
acidified water and extracted with ether; the ether extracts were washed
with dilute sodium bicarbonate solution, water, dried, and the ether
evaporated. T.L.C. [benzene:cyclohexane (5.95)] showed the following:
(1) no cholest-5-ene or starting material was detected, (2) several
spots ran almost with the solvent front, (3) at least four or five spots
were visible near the origin. These materials were not investigated

further.

trans-1,2-Dibromocyclohexane

a) A solution of the dibromide (0.966g) and sodium borohydride ‘*
S
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(0.76g) in diglyme (25 ml) was heated at 100° for 24 hours under
reflux. Benzene (10 ml) was added to the reaction mixture‘ﬁhich was
distilled at 100°* (oil bath temperature) in a stream of nitrogen.

The distillate was made up to 25 ml. in a graduated flask with benzene
and analysed by v.p.c. using 207 carbowax 20M. column (6' x 1/4") at
an oven temperature of 80°. No trace of cyclohexene or cyclohexane was

found.

b)  The dibromide (246 mg) and sodium borohydride (750 mg) in diglyme
(50 m1) were heated at 110* for 12 hours in a sealed tube. After cool-
ing, the tube was opened and carbon tetrachloride was added to the re-
action mixture, which was then poured into water and extracted with
more carbon tetrachloride. The extracts were washed with water, dried
and made up to 50 ml in a graduated flask, and analysed by v.p.c. using
the same conditions as described above. Also as described above, no
cyclohexene was found. With a column temperature of 150°, some dibromo-
cyclohexane was detected. By comparison of the peak area of the
product solution to the peak areas found with standard solution of
dibromocyclohexane in carbon tetrachloride it was estimated that 417

of the starting material remained.

c) Attempted oxidation of alkylborane intermediate.

A solution of trans-1,2-dibromocyclohexane (24g) and sodium
borohydride (20g) in diglyme (500 ml) was heated at 110° for 60 hours

under reflux, To the hot reaction mixture was added 100 ml of water,
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to hydrolyse the sodium borohydride, followed by 50 ml of 3N sodium’

hydroxide solution, The solution was cooled to 80° and 50 ml of 307

hydrogen peroxide was added slowly. Finally the reaction mixture was
cooled to room temperature and extracted with carbon tetrachloride
(200 ml1); the extracts were washed with water and dried. The carbon
tetrachloride solution so obtained was distilled (steam-bath); and
both the distillate and the residue were made up to 250 ml in a grad-
uated flask. Both distillate and residue solutions were analysed by
v.p.c. using a 207 carbowax 20M. column. With both solutions only a
trace of cyclohexene and no cyclohexane was detected at a column temp-
erature at 65°. In the residue solution dibromocyclohexane was de-
tected (at 160°), and it was estimated, by comparison with standard
solutions, that 62,57 of the starting material was unchanged. Some
dibromocyclohexane was detected, equivalent to R1Z of the starting ma-
terial and small amount of cyclohexanol, corresponding to 3.4% of the
starting material was also found. Analysis for these two compounds was

carried out with a colum temperature of 120°.

Ethylene dibromide
A solution of the dibromide (0.49g) and sodium borohydride (1.5g)

in diglyme (125 ml) was heated at 60° for 1 1/2 hours. During this ‘ *
time nitrogen was bubbled through the reaction mixture and passed, via !
a cold trap immersed in acetone/dry ice, into a solution of bromine

(0.5g) in carbon tetrachloride (75 ml). The carbon tetrachloride sol-

ution was washed with dilute sodium bisulphite solution, dilute sodium f
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bicarbonate solution, water, dried and made up to 50 ml in a graduated
flask. This solution was analysed by v.p.c., using a 20% carbowax

20M.column at 114°; no ethylene dibromide was detected.

Rate Measurements

The method of bromide analysis was essentfally the same as that
used by Pews (2). The reaction mixture was poured into dilute aqueous
acetic acid (52) and benzene (10 ml) was added to extract the organic
naterial. The amount of bromide fon was then deternined by potentio-
metric titration with silver nitrate solution (0.01N) using an Elec-
tronic Instruments Ltd. (Surrey, England) pH meter, Model 23A, and the
following electrode system: a silver electrode immersed in the bromide
ion solution and a calomel electrode immersed in a saturated ammonium
nitrate solution which was connected to the bromide ion solution by an

ammonium nitrate bridge.

General Procedure

Sodium borohydride (76 mg, 2.0m.mole) was weighed into thick
vall pyrex tubes. To each tube was added 5 ml of a golution containing
0.1m.mole of the dibromide in diglyme. The weighing of the borohydride
and addition of dibromide solution were carried out inside a dry box.

The tubes were stoppered, removed from the dry box and quickiy sealed.

{ -

The tubes were then suspended in a constant temperature bath. The *

reaction was stopped by cooling the tube in ice and the contents were

titrated as degcribed above.
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Reaction of sodium boroh

Ethylene dibromide
Titre for 100% of Br = 20.0 ml of 0.01N silver nitrate solution.

Time (min)

5
10
16

Titre (ml)

ide with 1,2-dibromides

% of Br_

16.0
29.0
44,0
52.0
69.0
76,0

trans-1,2-Dibromocyclohexane

Iime (min)

10
30
60
120
180
240
345

Titre (ml)
1.9
2.1
3.0
4.2
5.2
6.9
9.0

% of Br_

Solvent - Diglyme
Tesp. 100° ¥ 1¢

Log (100-% of Br’)

1.6243
1.8513
1.7482
1.6812
1.4914
1.3802

Solvent - Diglyme
Temp. 60° ¥ 1°

Log (100~ of Br~

1.9566
1.9518
1,929
1.8976
1,8692
1.8162
1.7404

185
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S0 nolapes
Octane-1,2-dibromide Solvent - Diglyme
Temp. 200°% 1° |
RN |
P s)  Time (ain) Ttre (1)  Zof Br™  Log (100-2 of Br)) ‘
5 3.5 17.5 1.9165
. 10 .7 18.5 1.9112
. 15 4.5 22.5 1.8893 ‘
’ 30 5.3 26.5 1.8663 :
- 60 6.9 34,5 1.8162 |
' 120 9.7 48.5 1.7118 |
fi 240 12.5 62.5 1.5740
. 360 15.5 77.5 1.3522
f};?-
R s (G ) h) Solvent - Diglyme 1
Temp. 100° ¥ 1°
mil

Concentration of dibromfde 0.lm.mole

Concentration of sodium borohydride 0.5m.mole

Time (min) Titre (ml) % of Br Log_(100-2 of Br )

i 7 3.3 16,5 1.9217
. 15 4.3 21.5 1.8949
30 5.7 28.5 1.8543 ;
60 8.1 40,5 1.7745 g
120 9.1 45.5 1.7364 |
180 10.0 50.0 1.6990
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Determination of the stoichiometry of the reaction between Bthylene
dibromide and sodi hydride at 60° ¥ 10,

The rate studies were carried out in an identical manner to that
described above; except that 0.5m.mole of the dibromide was reacted
with 0.5am.mole of sodium borohydride . In this experiment, two tubes
were removed from the constant temperature bath at each time interval. h
The contents of one tube were titrated for bromide ion as described
above, The contents of the second tube were titrated for active hydro-
gen using a standard salution of iodine in benzene (2, 11). In this ,
case a 5 al aliquot of the iodine in benzene solution (0.718N) was !
added to the tube; after standing for 10 min the mixture was poured
into water and titrated with 0.1N sodium thiosulphate. The results

are listed on the following page.

Results of stoichiometry experiment. Temperature 60° Iy
Concentration of bromide ion 0.5m.mole
Concentration of silver nitrate solution 0.01N
Concentration of sodium borohydride 0.5m.mole

1) Analysis for bromide ion
Titre for 1007 of bromide ion = 20.0 ml of 0.01N silver nitrate

N

solution, |
Time (min) Titre (ml) % of Br~ ! '|I

I

15 1.0 10
30 1.7 17 |
60 2.6 26 ;
90 2.7 27
120 3.3 33 1
189 3.7 37
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2)  Analysis for sodium borohydride
5.0 ml Iy in benzene solution = 35.9 ml 0.1N NayS,03.

5.0 m1 I, in benzene solution + 2.0m.mole sodium borohydride * back
titration of 17.1 ml of 0.1N Na,S50,.
"+ 2.0m.mole of sodium borohydride = 18.8 ml of 0.1N Na,S5,04.

.". ¥ YaBH, remaining in reaction mixture =

4
ml 0.1N N823203 consumed x 100

18.8

Time Back Titre (x) 35.9-x ZNaBHi ZNaBHa
(ml 0.1N Na 8203) (ml 0.1N 12) remaining consumed

2 solution

consumed
15 21.9 14.0 75.5 24.5
30 23.2 12,7 67.5 32,5
60 25.7 10.2 54,3 45.7
90 27.0 8.9 41.3 52.7
120 27.9 8.0 42.5 57.5
180 29.4 6.5 34,5 65.5
189 1.9 4.0 21.3 78.7

II. Sodium trimethoxyborohydride

meso-Stilbene dibromide

meso-Stilbene dibromide (70 mg) was dissolved in diglyme (10 ml)
by heating at 80° for 30 minutes. The solution was cooled and sodium

trimethexyborohydride (260 mg) was added. An immediate evolution of

gas was observed, and the reaction was stood at room temperature for

188




15 minutes. The reaction mixture was poured into acidified water and m
extracted with ether; the ether extracts were washed with dilute sodium ‘ ]
bicarbonate solution and water, dried and the solvent evaporated. T.L.C. % |
{benzene:petroleum ether (1.9)] showed the presence of trans-stilbene :
and starting material. The infrared spectrum also showed the oresence

of trans-stilbene as evidenced by the peak at 962 cm~l. trans-Stilbene

(26 mg) was isolated by T.L.C., crystallized from ether:methanol, m.p.

122°-124*, mixed m.p. with authentic sample 123°-124°.

d1-Stilbene dibromide
To a solution of the dibromide (68 mg) in diglyme (10 ml) was
added sodium trimethoxyborohydride (260 mg). The reaction was stood

at roor temperature for 1 hour. The product was isolated as described

above for meso-stilbene dibromide. T.L.C. [benzene:cyclohexane (1:9)]

ghowed that the product (46 mg) consisted of a mixture of trans-stilbene

and starting material. The infrared spectrum had a large peak at 960 cm-l;

1 which would have indicated

there was no evidence of any peak at 925 cm
the presence of cis-stilbene. trans-Stilbene (25 mg) was isolated by
T.L.C., crystallized from ether:methanol, m.p. 122°-124°, mixed m.p. .

with authentic sample 123°-124°,

28:3 a-Dibromo-5 o-cholestane

a)  The dibromide (57 mg) was heated with sodium trimethoxyborohydride j ;

(50 mg) in diglyme (5 ml) at 100* in a sealed tube for 2 3/4 hours.

The product (40 mg) was isolated as described above. T.L.C. (petroleum



ether) showed the product to consist mainly of cholest-2-ene together
vith small amounts of starting material and of the corresponding di-
equatoriel dibromide. Column chromatography (alumina, Woelm grade I,
neutral), eluting vith petroleun ether, gave cholest-2-ene (32 rg)

crystallized from ether:methanol, m.p. 72°.

b) A solution of the dibromide (53 mg) and the hydride (130 mg) in
diglyme (10 ml) was stood at room temperature for 24 hours. T.L.C.

[petroleun ether] showed the product (44 mg) to consist mainly of un-
changed starting material. Crystallization from ether:methanol gave

2:3o~d1ibromo-5o-cholestane (40 mg) identified by m.p. and mixed m.p.

5 a:68-Dibromocholestan-3g-ol
A solution of the dibromide (53 mg) and sodium trimethoxyboro-

hydride (130 mg) in diglyme (10 al) was stood at room temperature for
24 hours. The product was isolated as described above and was identi-
fied as cholest-5-ene-38-0l (30 mg), crystallized from ether-methanol,
n.p. 146°, mixed m.p. with authentic sample 142°-144°. T.L.C. [ether:

petroleum ether (1:1)] Rf value identical to that of cholesterol.

5 o 68-Dibromocholestane

A solution of the dibromide (50 mg) in diglyme (10 ml) was treated

vith sodium trimethoxyborohydride (130 mg) and the reaction was stood
at room temperature for: 24 hours. The product was shown by T.L.C.

([petroleum ether] to be almost entirely cholest-5-ene; crystallized

190
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ether} showed the product to consist mainly of cholest-2-ene together
with small amounts of starting material and of the corresponding di-
equatorial dibromide. Coluan chromatography (alumina, Woelm grade I,
neutral), eluting with petroleum ether, gave cholest-2-ene (32 mg)

crystallized from ether:methanol, m.p. 72°.

b) A solutfon of the dibromide (53 mg) and the hydride (130 mg) in
diglyme (10 ml) was stood at room temperature for 24 hours. T.L.C.

[petroleun ether] showed the product (44 mg) to consist mainly of un-
changed starting material. Crystallization from ether:methanol gave

28:30-dibromo-5o~cholestane (40 mg) identified by m.p. and mixed m.p.

5 a 6B-D1bro|ocholestag-3§-_gl

A solution of the dibromide (53 mg) and sodium trimethoxyboro-
hydride (130 mg) in diglyme (10 ml) was stood at room temperature for
24 hours, The product was isolated as described above and was identi-
fied as cholesgt-5-ene-38-ol (30 mg), crystallized from ether-methanol,
m.p. 146°, mixed m.p. with authentic sample 142°-144*. T.L.C. [ether:

petroleum ether (1:1)] Rf value identical to that of cholesterol.

3 ¢ 68-Dibromocholestane
A solution of the dibromide (50 mg) in diglyme (10 ml) was treated

with socdium trimethoxyborohydride (130 mg) and the reaction was stood
at room temperature for 24 hours. The product was shown by T.L.C.

[petroleum ether] to be almost entirely cholest-5-ene; crystallized
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from ether:acetone (31 ng), mp. 91°-93°, [o]n = 52°, mixed m.p. with
N ff';"?:v r_!',l..“.

authentic sample 89°-91°,
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ans-1:2-Dibromocycishexane.
BRI ETT

(1) A solution of the dibromide (0.97 g8) and the hydride(2.6g) in

! ... ”!‘,'): i 1)

diglyme (25 ml) was heated at 100°C for 24 hours. Benzene (10 ml) was
added to the reaction solution which was then distilled in a stream of

nitrogen at 100°, to distill off the volatiie components. The result- [

ey
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ing distillate was made up to 25 al in a graduated flask and analysed

30 bapnedy by vapour phase chromatography. Comparison of the peak area of cyclo-

Y foie hexene in the product solutfon to the peak areas of standard solutions

of cyclohexene in benzene gave a yield of 73% of cyclohexene.
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(11) A solution of the dibromide (0.97 g) and sodium trimethoxyboro- ’;

Vonlphed hydride (2.6g) in tetrahydrofuran (25 ml) was heated at 75° for 24 hours.

Somed The reaction mixture was distilled at 80° and the distillate was analysed §

SRR, by vapour phase chromatography as in (1) above, a 56% yield of cyclo-

RS B hezene being detected.

(111) A solution of the dibromide (1.94 g) and sodium trimethoxyboro-
Y an T hydride (5.2g) in dioxan (100 ml) was refluxed for 24 hours. The re-
action mixture was poured into water and extracted with ether; the ether |
RO extracts were washed thoroughly with water, dried and made up to 50 ml ! .i

in a graduated flask. This solution was analysed by vapour phase chrom~ *
|

et ] atography. A 27% yield of cyclohexene was detected, and analysis for
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starting material showed that 70% of the trans-1,2-dibromocyclohexane

a

remained.

ttans-I-Bronoczclohexnne-Z-toluenesulghonate.

A solution of the bromotosylate (1.31 g) and sodium trimethoxy~
borohydride (2.6 g) in tetrahydrofuran (25 ml) was heated in a sealed
tube at 75° for 24 hours. More tetrahydrofuran was added and the re-
action solution was distilled at 80°. The distillate was made up to
50 ml in a graduated flask and analysed by vapour phase chromatography,
as outlined in the previous experiment. A yield of 10.52 of cyclohexene
vas detected. The material remaining after distillation was dissolved
in ether, washed several times with water, dried and the ether evap-
orated, The residue (1.053 g) had an infrared spectrum very similar

to that of the starting material.

meso-2: 3-Dibromobutane.

a)  The dibromide (5.52 g) and sodium trimethoxyborohydride (6.4 g)

in tetrahydrofuran (30 ml) were heated in a sealed tube at 100° for 24
hours. The tube was cooled in an acetone:dry ice bath and opened; the
contents were rapidly transferred to two-necked 100 ml flask which was
also cooled in acetone:dry ice. The flask was attached yia a reflux
condenser to a trap cooled in acetone:dry ice; the flask was then allowed
to varm to room temperature and nitrogen was bubbled through the reaction
mixture for 3-4 hours. The condensate in the trap was dissolved in cold

ether (cooled in acetone:dry ice) and made up to 50 ml in a graduated

flask,

S Tepe
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A standard solution of trans-2-butene (Matheson C.P. grade) in
ether vas prepared as follows: approximately 8 ml of ether in a 10 ml
graduated flask was weighed and then cooled in scatone:dry ice. Srans-
2-Butene vas bubbled through the ether for several minutes after which
the graduated flask was removed from the cold bath, allowed to warm to
roon temperature and reweighed, and made up to the mark. In a similar
fashion a standard solution of cis-2-butene in ether was prepared. The
product solution was analysed by vapour phase chromatography, using a
propylene carbonate columan (12' x 1/8") at 50°. Prom a comparison of
the peak areas of the product solution with the peak areas of standard
solutions of cis and trans-2-butene a yield of 10.5% of trans-2-butene
vas found. A small amount of cic-2-butene vas also detected, in a
yield of 1.17.

The remaining reaction solution was taken up in ether, washed
several times with water and dried. Evaporation of the solvent gave
approximately 1.0 g of an oil, the infrared spectrum of which showed

it to be mainly meso-butane dibromide.

b) A second experiment was carried out in an exactly similar manner
to that above, using the following quantities of materials; meso-butane
dibromide (4.34 g) plus sodium trimethoxyborohydride (26.0 g) in diglyme
(30 m1). Analysis of the material found in the cold trap gave a yield
of 9.2% trans-2-butene and 1.4% cis-2-butene, almost exactly the same

as that found above.

The residue from the distillation was dissolved in water, which

o nsawnas
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e yorig vas extracted vith ether and the ether extracts were further washed

v et vith vater, dried and made up to 50 ml in a graduated flask. Analysis

SRR, by v.p.c. using a 20% carbowax 20M column at 120° showed no trace of

. the starting material.
ohree i3

i ooy ¢) A solution of meso-butane dibromide (2.18 g) and sodium trimeth- :

oxyborohydride (13.0 g) in dioxan (150 ml) was refluxed for 10 1/2

L dopd eye

hours. During this time nitrogen was bubbled through the reaction

b e and passed, via a reflux condenser, through an acetone:dry ice trap

Anen el and a 1liquid nitrogen trap. The condensate was dissolved in ether

ok inz and analysed as described above. A yield of 21.4Y of trans-2-butene

ean?

wag detected. Only a trace of cis-2-butene was evident, in a quantity

in blate too small to measure. The mixture remaining from the distillation

. was poured into water and extracted with ether; the ether extracts
P were washed with water, dried, and made up to 250 ml in a graduated

Sty flask., Analysis of this residue solution by v.p.c., on a 207 carbowax

the extent of 60% of the starting material.

3n o d1-2:3-Dibromobutane f

SARE BRSF 1)  The dibromide (5.53 g) and sodium trimethoxyborohydride (6.4 g)
SRV in tetrahydrofuran (30 ml) were heated in a sealed tube at 100° for
te 24 hours, The reaction mixture was treated in an analogous fashion
o to that for the meso-butane dibromide above. A small amount of

2-butenes were detected (4.7%), which analysed at 587 cis-2-butene

and 42% tvans-2-butene. The residue from distillation was treated
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as described above. Analysis showed that slightly more than 2% of

dl-butane dibromide was present.

2) A solution of the dibromide (2.18 g) and sodium trimethoxyboro-
hydride (13.0 g) in dioxan (150 ml) was refluxed for 10 1/2 hours.
During this time nitrogen was bubbled through the reaction mixture
and passed, via a reflux condenser, through first a acetone:dry ice
trap and then through a liquid nitrogen trap. The condensates found
in the traps were dissolved in cold ether and analysed as described
above. The yield of 2-butenes found was 8.3%, which consisted of
56X of cis-2-butene and 442 of trans-2-butene. The residue vas treat-
ed as described above; analysis by v.p.c. showed that 652 of the start-
ing material remained unchanged.

In these experiments no l-butene or n-butene was detected by

vapour phase chromatography.

Octane-1:2-dibromide

1) A solution of the dibromide (1.34 g) and sodium trimethoxyboro-
hydride (13.0 g) in dioxan {150 ml) was refluxed for 48 hours. The
reaction was poured into water and extracted with ether, which was
dried and made up to 250 ml in a graduated flask. The product was
analysed by vapour phase chromatography: very little oct--l-ene was

detected; also practically no octane-1:2-dibromide was detected.

2)  The dibromide (544 mg) and sodium trimethoxyborohydride (2.6 g)
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in diglyme (100 ml) were heated at 60° for 3 hours. The reaction
mixture was poured into water and extracted with ether, which was
made up to a known volume and analysed by vapour phase chromatography.

No oct-l-ene and very little octane-1,2-dibromide was detected.

Ethylene dibromide

A solution of ethylene dibromide (1.88 g) and sodium trimethoxy-
borohydride (13.0 g) in dioxan (150 ml) was refluxed for 47 hours.
The reflux condenser was connected through a dry ice:acetone trap to
a gas bubbler immersed in a solution of bromine in carbon tetrachloride.
After 47 hours nitrogen was passed through the reaction mixture and
into the bromine solution for 1 hour. The carbon tetrachloride was
vashed with dilute sodium bisulphite solution, water, dried, and made
up to 250 ml in a graduated flask. No ethylene dibromide was detected
by v.p.c. The reaction solution was extracted with ether; approximately

157 of the starting material was detected by v.p.c.

2:3-Dibromo-2-methylbutane.
A solution of the dibromide (924 mg) and sodium trimethoxyboro-

hydride (2.6 g) in diglyme (100 ml) was heated at 90° for 24 hours.
Benzene (40 ml) was added to the reaction mixture, which was then washed
thoroughly with water. The benzene solution was dried and made up to

50 ml. Analysis by v.p.c. gave a yield of 22.57 of 2-methylbut-2-ene.

had the same Rf value.

|

The amount of dibromide remaining could not be estimated since diglyme ﬁ

|

-

!
!
|
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Rate Measurements

The rate measurement of the reaction of sodiun trimethoxyboro-
hydride with trang-1,2-dibromocyclohexane was carried in fhe uue way
as described previously for the reaction between sodium borohydride
and dibromides. Sodium trimethoxyborohydride was veighed into thick
wall Pyrex tubes and 5 ml of a solution of the dibromide in diglymé
was added; this procedure was carried out inside a dry box. The tubes
were sealed and heated at 110° in a constant temperature bath. The
bromide fon was titrated potentiometrically as described previously,
with 0.QIN silver nitrate solution.

The example given here 1s typical of many rate studies on this

system,
TReaction of sodium trimethoxyborohydride with trans-1,2-gibromocyclohexane
Solvent Diglyme
Teap. et

Titre for 100% of Br = 20.0 ml of 0.0lN silver nitrate solution

Time (min) Titre (al) 2 of Br~  Log (100-% of Br )
3 1.5 1.5 1,9661
6 2.2 11.0 1,9494
71/2 2.8 14.0 1.9345
9 3.6 18.0 1,9138
15 4.4 22,0 1.8921
30 5.6 28.0 1.8757
60 9.5 41.5 1.7202
90 11,9 59.5 1.6075
120 13.8 69.0 - 1.4914
180 15.2 76.0 1.3802

1
|
3
i
i
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IIT Sodium borghzd;ige:sodigg tetramethoxyborohydride.

28:3orD1brg!g:Surgholestage
The dibromide (52 mg) was heated for 2 hours, at 100°, in a sealed

tube with a mixture of sodium borohydride (10 mg) and sodium tetrameth-
oxyborohydride (40 mg) in diglyme (5 ml). T.L.C. [petroleum ether]

gshowed the product (35 mg) to be mainly cholest-2-ene together with traces
of starting material and 2a:38-dibromo-5o-cholestane. Column chromatog-
raphy (alumina, Woelm, grade I, neutral) eluting with petroleum ether

gave cholest-2-ene (27 mg) crystallized from ether:methanol, m.p. 71°-73°,

trans-1:2-Dibromocyclohexane.
1)  The dibromide (0.97 g) was heated at 100° for 24 hours with a

mixture of sodium borohydride (0.19 g) and sodium tetramethoxyborohydride
(2,37 g) in diglyme (25 ml). Benzene (10 ml) was added to the reaction
vhich was distilled in a stream of nitrogen at 100*. The distillate was
made up to 25 ml and analysed by v.p.c., a 717 yleld of cyclohexene was

found.

2)  The dibromide (245 mg) plus sodium tetramethoxyborohydride (2.4 g)
and sodivm borohydride (190 mg) in diglyme (50 ml) were heated for 2
hours at 110* in a sealed tube. The reaction mixture was poured into
water and extracted with carbon tetrachloride; the extracts were washed
several times with water, dried and made up to 50 ml in a graduated flask.
By vapour phase chromatsgraphy a 557 yield of cyclohexene was detected,

and 347 of the starting material was found.

-
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Octane~1:2-dibromide

1) A solution of the dibromide (282 mg), sodium borohydride (200 mg)
and sodium tetramethoxyborohydride (2.4 g) in diglyme (50 ml) was heated
at 110° for 30 minutes in a sealed tube. The reaction mixture was ex-
tracted with benzene (40 ml); the benzene was washed with water, dried
and made up to 50 ml. No oct-l-ene or octane-1,2-dibromide could be

detected by v.p.c.

2)  Attempted oxidation of an alkylborane.
The dibromide (2.24 g) together with sodium borohydride (0.4 g)

and sodium tetramethoxyborohydride (4.8 g) in diglyme (100 ml) was heated
at 110°, in a sealed tube, for 2 1/2 hours. The contents of the tube
were transferred to a round bottomed flask equipped with a reflux con-
denser and dropping funnel. Water (20 ml) was added to destroy the
sodium borohydride. When reaction ceased, 50 ml of 3N sodium hydroxide
solution was added, followed by 25 ml of 30% hydrogen peroxide. The
reaction mixture was stirred for 1 hour at room temperature, and then
sodium hydroxide pellets were added. Addition of ether resulted in the
geparation of two layers; the ether layer was removed, washed with water,
dried and made up to 100 ml in a gtadugted flask. This solution was

analysed by v.p.c., l-octanol to the extent of 11.5% was detected, but

no dibromide or oct-l-ene was found.

2:3-Dimethyl-2:3-dibromobutane.

The dibromide (479 mg) together with sodium borohydride (200 mg)
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and sodiunm tetramethoxyborohydride (2.4 g) in diglyme (50 ml) was

heated in a sealed tube at 110* for 20 minutes. The sealed tube was
cooled in ice, opened, and the reaction extracted with carbon tetra-
chloride. After washing and drying the carbon tetrachloride solution
was made up to 50 ml and analysed by v.p.c., a 602 yield of 2:3-dimethyl~-

but-2-ene was detected,

Rate Studies of the reaction of sodium borohydride:sodium tetrameth-

oxyborohydride with dibromides.

The rate studies were carried out .in a similar manner to that prev-
fously described. Sodium tetramethoxyborohydride (240 mg, 1.5m.mole) was
weighed into rhick wall Pyrex tubes, and a solution of so?ium boro-
hydride (19 mg, 0.5m.mole) plus dibromide (0.1lm.mole) in diglyme (5 ml)
was added. The tubes were sealed and heated in a constant temperature
bath. The rate of the reaction was followed by potentiometric titration

of the bromide ion formed during the reaction as previously described.

Reaction of sodium borohydride:sodium tetramethoxyborohydride with

1,2-dibromides.

trans-1,2-Dibromocyclohexane Solvent - Diglyme

Temp. 110° e

Titre for 1007 of Br~ = 20,0 ml 0.01N silver nitrate solution

a)  Time (min)  Titre (ml) 2 of Br-  Log (100-% of Br™)

15 1.6 8.0

30 3.6 18.0

60 8.6 43.0 1.7559
90 12.0 60.0 1.6021
120 14.5 72.5 1.4393
159 15.6 78.0 1.3424

1.9638 ﬁ
1.9138 b




.
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b)  Solvent - Diglyme Temp. 100° ¥y
S Time (nin) Iitre (al)  2.of Br”  Log (100-% of Br~)
7172 0.4 2.0 1.9912

15 1.9 9.5 1.9566 !
22 1/2 3.0 15.0 1.929%
. 30 4.0 20,0 1.9031 i
60 8.6 43,0 1.7559
90 13.9 69.5 1.4834 |
120 18.0 90.0 1.0000 |
| !
Octane-1,2-dibromide Solvent - Diglyme ‘
Temp. 200° % pe ;
L pemt :

a) Time (min) Titre (ml)  Zof Br  Log (100-2 of Br")
o |
a 5 3.5 17.5 1.9165 j
e 10 6.9 3.5 1.8162 !
S 15 10,0 50.0 1.6990 !
20 11.2 56.0 1.6435 !
25 12.5 62.5 1.5740 !
o 30 13.3 66.5 1.5250
40 14,4 72,0 1.4472
50 15.5 7.5 1.3522 :
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I (d b)  Solyent - Diglyme Tewp. 110° : 1°

b

Time (min) tre (nl) 2 of B;" Log (;0041 of Br )

S B R |

r 21/2 3.1 15.5 1.9269
! 5 5.4 27.0 1.8633
. 712 1.6 38.0 1.7924 B
2 10 10,2 51.0 1.6902 gw
- 12 1/2 10.5 52,5 1.6767 3
i 15 12.4 62.0 1.5798 3
20 14.6 73.0 1.4314 ;
25 14.8 74.0 1.4150 ;
JLoaen 30 17.0 85.0 1.1761 1
trans-z-nto-oczclohogl-ztolueneaulghomte |
SO € .
Solvent - Diglyne §
r Tew. 100° 710

Time (hr) Titre (ml) % of Br” Log (100-% of Br')

2 2.3 11.5 1.9469

4 3.8 20,0 1.9031

6 4.6 23.0 1.8865

8.1 5.15 25,75 - 1.8707
10 6.8 34.0 1.8195 }
12 7.0 35.0 1.8129 N
16 8.0 40.0 1.7782 L

|
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