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Be Prepared
The Motto of the Scout Association

"The empirical basis of obje^ve science has thus nothing "absolute" about
it. Science does not rest upon solid bedrock. The bold structure erected on piles.
The piles are driven down from above into the swamp, but not down to any natural
or "given" base; and if we stop driving the piles deeper, it is not because we have
reached firm ground. We simply stop when we are satisfied that the piles are firm
enough to carry the structure, at least for the time being."
Professor Sir Karl R. Popper F.R.S.
"The Logic of Scientific Discovery"
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Abstract

Abstract

The reactions of isomeric w-butyl (3-iodopentyl peroxides with silver
trifluoroacetate have been shown to parallel those of the corresponding r-butyl
compounds. Regio- and stereochemical evidence points to the formation of an 0 -butyl
cw-ethylmethylperepoxide (trialkylperoxonium ion) intermediate, and to an SN2(cyclic)
mechanism being preferred to the formation of the corresponding rranj-methylethyl
species.
MINDO/3 calculations have been carried out on a series of 3-membered ring
peroxonium ions (R2 0 +-OR1). The most stable conformation was found to involve the
group R 1 being placed away from the ring-carbon substituents, in contrast to an earlier
suggestion.
A series of 11 alkenes R 1R2 C=CHR3 has been treated with mercury(II) acetate in
the presence of 30% aqueous hydrogen peroxide to produce mixtures of the
corresponding (J-hydroperoxyalkyl and p-hydroxyalkyl mercurials, from which the
hydroperoxides have been isolated and characterised.
l-Hydroperoxycyclo-oct-4-ene and l-hydroperoxycyclo-oct-3-ene have been
synthesized by oxidation of N-tosylhydrazines. During the cyanoborohydride reduction
of the corresponding A-tosylhydrazones under acid conditions, both oct-3-ene and
oct-4-ene A-tosylhydrazine isomers are produced. An aziridinium intermediate is
suggested to explain the isomerisation.
The reactions of l-hydroperoxycyclo-oct-4-ene with a series of electrophiles have
been studied and, except for that with mercury (II) acetate, afford bicyclic ethers. A
Raman spectroscopic study of the decomposition of the cis and trans epoxides derived
from l-hydroperoxycyclo-oct-4-ene and MCPBA shows that oxygen is evolved. These
results lead to the proposal that gem-dialkylperoxonium ions are formed which transfer
oxygen by a heterolytic oxygen-oxygen bond-forming step to an epoxyhydroperoxide to
yield a hydrotrioxide intermediate, which subsequently decomposes to give oxygen. The

Abstract

r-butoxy-initiated radical reactions of l-hydroperoxycyclo-oct-4-ene result in
cyclo-oct-4-en-l-one being produced in three times greater quantity than
cyclo-oct-4-en-l-ol, these products also being observed in the reactions with
electrophiles in non-polar solvents. The reaction with mercury(II) acetate proceeds with
ultrasonic irradiation and gives both bicyclic[3.3.2] and [4.2.2]peroxides.
The reaction of l-f-butylperoxycyclo-oct-4-ene with electrophiles have been
studied and also result in formation of bicyclic ethers. The production of
trialkylperoxonium ions which undergo Baeyer-Villiger-type 0 - 0 cleavage is indicated.
l-Hydroperoxycyclo-oct-3-ene reacts with both electrophiles and radical
initiators to produce bicyclic[5.2.1]peroxides. The radical conditions also result in the
formation of large quantities of cyclo-oct-3-en-l-one and smaller amounts of
cyclo-oct-3-en-l-ol. In all the reactions with electrophiles, the yields of ketone and
alcohol are reduced on shifting to a more polar solvent.
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Organic peroxides

1>2,3,4

are molecules which are of great importance both in

biochemistry and industry. This is because molecular oxygen is rarely used for the
selective oxygenation of substrates. The reason for this is that the oxygen molecule has a
triplet ground state and direct interaction with singlet ground state organic molecules is
spin forbidden. Oxygen can be converted into organic or inorganic peroxides , 11,12 singlet
oxygen and superoxides, 13 all of which can transfer oxygen to organic substrates.
This makes organic peroxides very important in most fields of commercial
interest which involve organic chemicals. They are particularly useful as curing agents in
polymer production, in the drying of paints and the synthesis of industrial chemicals and
intermediates. In other areas such as the deterioration of food stuffs, plastic products and
rubbers, the inhibition of their formation is a major area of research.
The term "organic peroxides" represents compounds that contain the C-O-O
grouping. They can be regarded as derivatives of hydrogen peroxide, HOOH, in which
one or both hydrogen atoms are replaced by organic groups.

H-O-O-H
Hydrogen Peroxide

R-O-O-H
Alkyl Hydroperoxide

R-O-O-R
Dialkyl Peroxide

R-C-O-O-H

R-C-O -O -R

R -£-0-0-q-R

0

Peroxy-acid

0

Peroxy-ester

0

0

Diacyl Peroxide

This thesis will deal mainly with alkyl hydroperoxides anddialkyl peroxides. A
brief summary of the syntheses of peroxides mainly concerned with these two classes is
given below.

The Synthesis of Peroxides

The syntheses of peroxides can be divided into two categories, namely those
involving the alkylation of hydrogen peroxide (or alkyl hydroperoxides) and those
involving the direct oxygenation of suitable substrates.59
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Alkylation
Hydroperoxides can be prepared by the treatment of alkyl halides, esters of
sulphuric or sulphonic acids or alkyl hydrazines with hydrogen peroxide in basic solution
where the nucleophile is HOO' (Equation l ) . 5-6-14-15

RX + OOH-

►

ROOH

(1)

However if an excess of alkyl halide or sulphonate is used dialkyl peroxides can
be obtained (Equation 2) . 16

RX + R ’OO*

►

ROOR’

(2)

The reactivity of the compound RX is a restriction of this method as more forcing
conditions may give decomposition products. These reactions follow an SN2 mechanism
and so they are dependent on the nature of the alkyl group and the displaced group.
Therefore highest yields are achieved when synthesizing alkyl hydroperoxides and
dialkyl peroxides with primary alkyl groups, although the Caglioti method involving a
nucleophilic attack on a hydrazine gives better yields for secondary alkyl hydroperoxides
than the classical methods. All these syntheses suffer from concomitant base-catalysed
decomposition of hydroperoxides (see Scheme 5 later in this chapter) and consequently
poor yields are generally obtained.
Hydrogen peroxide can also be used to generate hydroperoxides from alcohols
under acid-catalysed conditions (Equation 3) . 14

ROH + H 2 0 2

H2 S 0 4
--------- ►

ROOH

(3)

This reaction follows an SN1 mechanism generating a carbocation, so the highest
yields are achieved with tertiary alcohols.

Chapter 1 Introduction

13

The reaction of alkenes, in the presence of acid, with hydrogen peroxide and
alkyl hydroperoxides generate alkyl hydroperoxides (Equation 4) and dialkyl peroxides
(Equation 5 ) . 14

R2 C=CR 2 + H 20 2----- --------- ►

R 2 C(OOH)CHR 2

(4)

R2 C=CR 2 + R ’OOH --------- ►

R 2 C(OOR’)CHR 2

(5)

This method is very limited in scope as it involves the generation of a carbocation
and there are very few examples, all of which involve adding hydroperoxy or alkyl
peroxy groups to tertiary carbon atoms.
A further method that provides primary, secondary and tertiary hydroperoxides is
the treatment of alkyl halides with silver trifluoroacetate in the presence of hydrogen
peroxide (Equation 6 ). Similarly, treating alkyl halides with silver trifluoroacetate in the
presence of alkyl hydroperoxides affords dialkyl peroxides (Equation 7 ) . 17 This is also a
method commonly used to produce cyclic peroxides. 18

R ’X + H20 2

Ag+
--------- ►

R ’OOH

(6 )

R ’X + ROOH

Ag+
--------- ►

R ’OOR

(7)

In the presence of cobalt or copper salts alkyl hydroperoxides react with various
reactive substrates such as alkylarenes, alkenes or ethers to give dialkyl peroxides
(Equation

8 ) . 100
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ROOH +

Cu1

------- ►

C uHOH

+

RO

RO

+

R ’H

------- ►

ROH

+

R ’*

R’-

+

Cu11

------- ►

R ,+

+

Cu 1

R’+

+

ROOH

------- ►

ROOR’

+

H+

Peroxymercuration

141

is a further method for producing dialkyl peroxides. The

technique is an extension of oxymercuration by which alkenes can be converted into
alcohols, ethers, esters etc., quickly under mild conditions in high yields without
rearrangement. Demercuration of the oxymercuration adduct is achieved by reduction
with sodium borohydride which is normally carried out in situ (Equation 9).
OR
R2C = C R

2

OR
NaBH4

Hg(OAc)2

------------ ► r 2c -------CR2
---------- ►
ROH
I
HgOAc

r 2C

c r2
I
H

(9)

If the addition is carried out with an alkyl hydroperoxide (peroxymercuration),
the product (after demercuration with sodium borohydride) is a dialkyl peroxide
(Equation 10) . 7,20
°°R

Hg(OAc) 2
NaBH4
R2 C = CR2 ------------ ► R c ------ CR2
------------►
ROOH
I
HgOAc

OOR
R2C

CR2
I

(10)

jj

It has significant advantages over, and much greater scope than, the acid
catalysed method described earlier (Equation 5) for producing dialkyl (hydrejperoxides
from alkenes. This method is especially useful for adding an alkyl hydroperoxide to a
secondary site and for bringing about ring closure in unsaturated peroxides to produce
cyclic peroxides. 18
Peroxides can also be prepared by the reaction of alkyl bromides and sulphonates
with potassium superoxide, but this reaction bears the characteristics of an SN2

15
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mechanism. Thus, it is only useful in primary systems, with elimination predominating
in secondary and tertiary systems, but the reaction is highly stereoselective. 13

Direct Oxygenation
The liquid phase autoxidation of hydrocarbons is the method of choice for
industrial scale synthesis (Equation 11) and is used in the syntheses of the three most
commonly used alkyl hydroperoxides, f-butyl hydroperoxide, ethylbenzene
hydroperoxide and cumene hydroperoxide.

RH + 0 2

►

ROOH

(11)

Autoxidation proceeds via a free-radical chain mechanism which is described in
Equation 12. This reaction is the cause of antioxidants being added to food-stuffs etc.,
though it is useful in the atmospheric drying of paints and varnishes.

INITIATION

PROPAGATION

TERMINATION

In2

------- ►

2 InInH

In-

+

RH — ------- ►

R-

+

o2

- ------- ►

ROO-

ROO

+

RH — ------- ►

ROO

2 ROO

------- ►

+

R(12)

Non Radical Prods. + 0 2

Allylic hydroperoxides can be produced selectively in high yields by the
photosensitized oxidation of alkenes with singlet oxygen (Scheme l ) . 13 Here, a solution
of substrate to be singlet oxygenated together with small amount of coloured sensitizer
such as Rose Bengal or tetraphenylporphine is irradiated with visible light and
simultaneously saturated with oxygen. Highest yields are obtained when tri- or
tetra-substituted alkenes are used.
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H

H
O

o

O

o
Scheme 1

The reaction of singlet oxygen with dienes is analogous to the Diels-Alder
reaction in which the oxygen acts as the dienophile and affords cyclic peroxides (Scheme
2). The exact mechanism is still uncertain though theoretical calculations by Dewar and
T hiel 21 suggest the intermediacy of an allylic perepoxide.
r

C
O

o

O

o
Scheme 2

Singlet oxygen will also undergo [2 + 2 ]cycloaddition to particular activated
alkenes to give dioxetanes (Scheme 3).
C

o

o

C

o

o

Scheme 3
The reaction of ozone with alkenes, in an alcohol solvent, leads to the formation
of a-alkoxyalkyl hydroperoxides via trapping of the zwitterion intermediate (also known
as a Criegee intermediate, Scheme 4 ) . 22
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O

O
ROH

/

o+

Scheme 4
This is also a method of forming cyclic peroxides when a cyclic alkene is used as
the substrate.

Reactions of Peroxides

The chemistry of peroxides is dominated by the ability of the 0 - 0 bond to
undergo homolytic cleavage. This has led to dialkyl peroxides such as di-t-butyl
peroxide being used as radical initiators (the 0 - 0 bond cleaves under UV light). This is
made use of in reactions such as the anti-Markovnikov addition of hydrogen bromide to
alkenes.
When alkyl hydroperoxides are attacked by an initiator, the O-H bond can break
leading to the species ROO*. This species, in the cases of primary and secondary
hydroperoxides, can subsequently react via bimolecular disproportionation to give an
alcohol and a ketone with the generation of oxygen (Equation 13).

2 R2CHOO

R2C = 0 + R2CHOH + 0 2

(13)

18
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This thesis will mainly be concerned with the reactions of peroxy acids, alkyl
hydroperoxides and hydrogen peroxide with organic substrates which largely proceed via
heterolytic mechanisms and under mild conditions.24 So the following discussion will
mainly deal with the heterolytic behaviour of the peroxide group, a discussion of the
radical reactions of peroxides may be found elsewhere.23
As well as the homolytic cleavage (described above), the 0 - 0 bond of peroxides
can also undergo heterolytic cleavage which makes organic peroxides important as
oxygen transfer reagents. The following reaction types are the main ones involving
heterolytic mechanisms.
(1)

Base-catalysed carbonyl-forming elimination of primary and secondary

hydroperoxides and dialkyl peroxides (Scheme 5) . 25

B

H ----- CR2— O — OR’ ------------ ►

BH+ + CR2= 0 + OR’

Scheme 5
(2)
6 ).

Intermolecular nucleophilic displacement at the electrophilic oxygen (Scheme

The oxidising power of a particular peroxide depends on the leaving group ability of

R’O" or R’OH. This is related to the basicity of R’O". Thus, R ’C 0 2' is a better leaving
group than R’0 ‘ so that peroxy acids are better oxidising agents than alkyl
hydroperoxides. There is also enhanced reactivity of ROOH and H 2 0 2 under acid
conditions where the leaving groups become R’OH or H20 respectively. Under such
conditions v/cmtf/-peroxonium ions are formed (see "Dialkylperoxonium Ion
Intermediates" later in this chapter). The following order of reactivity of compounds is
observed; RCO3H > HOOH £ ROOH .26

19

Chapter 1 Introduction

R

R

5O

n

o— o

Nu

O

Nu + __ OR

+ 'O R ’

5+
Nu

R’

R’

Scheme 6
Examples of these type of reactions are the oxidation of sulphides and the
epoxidation of alkenes (Prilezhaev’s reaction) (Scheme 7 ) . 25
*

R
R
S:

O ^C y’

+ HOOR’

R

R

H

\

HA

\ r

R

/
R’

A

►

i
H

O

\

S —O

+ROH+HA

R

Oxidation of a sulphide by a hydroperoxide under acid (HA) catalysis
R’

o= c

\

/

o -^ c7

o
II

H —O

CRo

w
o
o

o

RjC

O -C
/
H

O

/\

+

RoO^

R’

R’

/

CR2

R2G

CR2

Epoxidation of an alkene by a peroxy-acid
Scheme 7
(3)

Reactions in which heterolytic cleavage is initiated by peroxides or their

anions participating in nucleophilic addition (Scheme S) . 25
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R’

ROO' or ROOH +

\

R’

R’

x-

C =X

/

R’

\

+

(v l ' \O — OR

O -O R

Scheme

R’
I
R ’—O - C = X

o-

R

C ----- XH

8

Nucleophilic addition to a multiple bond is related to nucleophilic substitution at
a single bond as described in the earlier section on the synthesis of peroxides by
alkylation (Equations 1 and 2). An example of the above reaction type is the
Baeyer-Villiger rearrangement. This reaction involves the oxidation of acyclic ketones to
esters and cyclic ketones to lactones with peroxy acids (Scheme 9).
O
II
R’— C— R

H+

OH
I
R-—C— R

R”C 0 3H

+

-H+

OH
I
R— C — R

►

^O — O

CR"
O

o
II
OCR"
O
II
R 1— O — C — R

- +C— R
-H+

0
1
R*

Scheme 9
(4)

Reaction involving peroxonium ions. Intramolecular alkylation may also

occur in certain dialkyl peroxides, giving rise to trialkylated peroxonium ions (Figure 1).
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ORi

0

+
r3

R2
Figure 1

Such trialkylperoxonium ions may undergo heterolytic cleavage of either the
C -0+ or the 0 - 0 bond and examples of both are shown below.
The trialkylperoxonium ion (2) is generated during the reaction of
1-t-butylperoxycyclo-oct-4-ene (1) with iV-bromosuccinimide. A Baeyer-Villiger type
0 -0

cleavage then occurs with the methyl group participating in a 1 ,2 -nucleophilic

migration (Scheme 10). The reaction finally affords the [4.2.1]bicyclic ether (3) and
2-methoxy-2-propyl cation .27 (It should be noted that this reaction also produces the
[3 .3 . 1 ]bicyclic ether via the corresponding peroxonium ion formed by attack of the
bromine at the alternative site of the double bond.)
OOtBu
NBS
Me
Me

A
o
M.
Br

Br
(D

(2)

(3)
Me

Me

OMe

Scheme 10
On the other hand, trialkylperoxonium ions (5) and (8 ) undergo C -0+ cleavage to
afford the cyclic peroxides, 3,3-dimethyl-1,2-dioxane (6 ) and 3,3-dimethyl-1,2-dioxolane
(9) respectively (Scheme 11) . 28
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Br

Ag+
►

0-0

\

tBu
©

' tBu
(8 )

(9)

Scheme 11
A further type of reaction in which heterolytic 0 - 0 bond cleavage may occur is
the Criegee-Hock acid decomposition of alkyl hydroperoxides (this is related to
intermolecular displacement at the electrophilic oxygen described above) which involves
the intermediacy of peroxonium ions (10) and (11) (Scheme 12) . 25
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R

H
OOH

R

R
i
R—C+
i
R

R
l
+
R—C — OOH
i
I
R H

+ H2o2

( 10)
R
l
R - C—O - O - H + H+
I
R

R
I
+
R ~ C — O—OH 2

5+R
R -C —O

8+

OH 2

i

R

R

(ID

+

R— C—OR + H20
I
R

?H

R

\

R— C— OR

C=0

+ ROH

/

R

R

Scheme 12
This thesis will be examining the generation of dialkyl and trialkyl peroxonium
ions and their subsequent reactions.

Peroxonium Ion Intermediates

The term peroxonium ion intermediate

60

can be used to describe species with the

general structure shown below (Figure 2).

0+

R= H, Alkyl

Figure 2
In its simplest form the peroxonium ion is protonated hydrogen peroxide H 3 0 2+.
The protonation of hydrogen peroxide has been effected with sulphuric acid 29 and by

24

Chapter 1 Introduction

mixtures of hydrogen fluoride and boron trifluoride.30 The above structure has been
supported by a 170 NMR investigation.31 The signal observed is shielded with respect to
hydrogen peroxide, in contrast to the deshielding observed with the oxonium ions H 3 0 +
and CH3 0 +H2.

Perepoxides
Perepoxides are not peroxonium ions, but they are an important species which are
related. Considerably more and older work has been reported on them, so it is valuable to
discuss them here. Perepoxides, such as the species depicted in Figure 3, are postulated
as intermediates in a variety of reactions including the singlet oxygenation of alkenes,32
and the reaction of P-haloalkyl hydroperoxides with base.33,34

cr
o+

Figure 3
Singlet Oxygenation of Alkenes
It is widely believed that the concerted "ene" mechanism accounts for the
reaction of singlet oxygen with alkenes to generate allylic hydroperoxides (Scheme
13).32

OOH

<
Scheme 13
However, an alternative mechanism, the two step "perepoxide mechanism" has
also been postulated, initially by Sharp (I960)35 (Scheme 14)32
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n r
O'
H

u

now

Scheme 14
Estimates of the energetics of this perepoxide intermediate relative to the
energies of other possible intermediates do not favour the above intermediates.36 But
experimental evidence for the species has been presented by both Bartlett and
Stephenson.
Investigation by Stephenson of the reactions of cis- and
rratts-tetramethylethene-d6 with singlet oxygen suggests that a perepoxide was formed as
an irreversible intermediate rather than a transition state (Figure 4 ) . 37 He found that the
singlet oxygenation of the cw-alkene had a small isotope effect (kH/kD = 1.07 ± 0.07) and
that the rra/w-alkene had a significant isotope effect (kH/kD = 1.41 ± 0.03). Stephenson
suggested that the

-perepoxide intermediate ( 1 2 ) can abstract either a hydrogen or a

deuterium, whereas in the ris-perepoxide intermediate (13) this competition is not
possible. Stephenson assumed that the pyramidal inversion at oxygen was slow relative
to the hydrogen or deuterium abstraction.

cr

cr

o+
CD3

CD

o+

CHJ

CH3

cd3

(12)

(13)
Figure 4

In substrates where "Bredt’s Rule" 38 prevents the formation of allylic
hydroperoxides, dioxetanes are usually formed, and it has been suggested that these
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products could also be formed by a perepoxide intermediate (Figure 3) . 39 An example
supporting this mechanism was reported by Bartlett (1976).40 Singlet oxygenation of
adamantylidene adamantane (14) produced both the corresponding dioxetane (16) and
epoxide (15). The formation of the epoxide product (15) provided strong evidence for the
perepoxide intermediate (18). Bartlett proposed that the perepoxide intermediate (18)
reacts with singlet oxygen to form the epoxide (15) and ozone (Scheme 15).

(14)

O— O
+ Oi

(15)
Scheme 15
Further evidence for the intermediacy of perepoxides in singlet oxygenation was
provided by Schaap (1983)41 who trapped the perepoxide (18) with phenyl methyl
sulphoxide to give the epoxide (15) and phenyl methyl sulphom.

0

“

o+

/ \ Ad

lO,
Ad=
(14)

Ad

O
PhSOMe

Ad
~

(Scheme 16).

(18)

►

Ad05)

Scheme 16

Ad

+

PhS02Me
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Reactions of p-bromoalkyl hydroperoxides
Evidence for a perepoxide intermediate (Figure 3) in the base-induced reactions
of 1,2-bromohydroperoxides (19) and (20) was reported by Kopecky et a / . . 33,34 He found
that the reaction of the base, with a non-equimolar mixture of 1 ,2 -bromohydroperoxides
(19) and (20) derived from the unsymmetrically labelled 2,3-dimethyl-2-butene (21),
gave a ratio of deuterated hydroperoxides different from the starting material. On the
basis of this reaction and further studies it was suggested that the rearrangement may
have occurred via a perepoxide intermediate (22) (Scheme 17).
Br

OOH
CH,

CD,

CH,

CD,

CH,

CD 3
OOH

a)

ch3

cd3

(21)

CH,

Br
(19)
62%

a) = H 2 0 2 + l,3-dibromo-5,5-dimethyl-hydantoin
b) = NaOD , CD3OD

CD,

|
I b)

(20)
38%

O
CH3 0 +

C° 3

CH3 (22)

^3

Scheme 17
Reactions of these systems with silver acetate in dichloromethane results in both
hydroperoxy alkenes, ketones and dioxetanes. These product distributions support the
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formation of a cyclic intermediate that can rearrange to the familiar "ene" product or
dioxetane .49

Trialkylperoxonium Ion Intermediates
The intermediacy of peroxonium ions has been postulated and supported
primarily by investigations of intramolecular alkylation of dialkyl peroxides. These
reactions take two forms, Lewis acid induced ring closure of alkylperoxyhalides

8,28,42,43

and electrophilic attack on alkylperoxyalkenes.27
In the former type it was found by Porter and Mitchell (1983)28 that
4-bromo-2-methyl-2-(r-butylperoxy)butane (7) (a 1,3 peroxybromide) reacted with silver
salt in methanol to generate 3,3-dimethyl-1,2-dioxolane (9) via the cyclic 5-membered
peroxide ring type trialkylperoxonium ion (8 ) (Scheme 11). The f-butyl cation was
eliminated due to trapping by the nucleophilic solvent, methanol. The authors discovered
that the reaction of silver salts with the 1,4 peroxybromide homologue,
5-bromo-2-methyl-2-r-butylperoxypentane (4) was solvent dependent. Initially the
reaction was carried out in dichloromethane and generated 3,3-dimethyl- 1,2-dioxane (6 )
(Scheme 11), the synthesis of which was thought to proceed via the cyclic 6 -membered
peroxide ring type trialkylperoxonium ion (5). However, when the reaction was carried
out in methanol no dioxane was obtained, only the peroxy-migrated trapped species (24).
In the light of these results the initial reaction in dichloromethane was proposed to
proceed through the cyclic 5-membered ether ring type trialkylperoxonium ion (23),
followed by ring closure to give the cyclic 6 -membered peroxide ring trialkylperoxonium
ion (25). This cyclic peroxonium ion, and not the intermediate (5) as initially thought, is
proposed to lose f-butyl cation to give dioxane (6 ) (Scheme 18).
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O
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OtBu

(4)

/

(23)

9
OtBu
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MeOH

CH2Cl2

O OtBu

0-0

Scheme 18
Porter and Mitchell (1984)44 reported further evidence for this 5-membered
cyclic peroxonium intermediate (23) from an NMR investigation. They observed two
transient downfield signals (4.5 ppm. (t, J= 5.2 Hz), 4.52 ppm. (t, J= 6.4 Hz)) in a low
temperature *H NMR spectrum of the reaction mixture from
5-bromo-2-methyl-2-r-butylperoxypentane. The signals were assigned to peroxonium
(23) and carbocationic (26) intermediates. In this paper the authors also reported NMR
evidence for the trialkylperoxonium ion intermediate (31) (Figure 5).
OtBu

(31)
Figure 5
Bloodworth, Chan and Cooksey (1986)43 treated similar 1,3-peroxybromides
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with silver trifluoroacetate and obtained dioxolanes, in agreement with the results
obtained by Porter and Mitchell (Scheme 18). However they found that when (27) was
treated with silver trifluoroacetate in dichloromethane the expected dioxolane was not
obtained. Instead they generated the trifluoroacetate (30). This result was accounted for
by the intermediacy of the cyclic peroxide type trialkylperoxonium ion (28), which
subsequently undergoes Baeyer-Villiger type 0 - 0 cleavage to give the open cationic
intermediate (29), which is trapped by a trifluoroacetate anion to give (30) (Scheme 19).
OtBu

(27)

(28)

(29)
OCOCF3

PhO OCOCF 3

Scheme 19

(30)

As previously mentioned intramolecular alkylation of dialkyl peroxides can
proceed by electrophilic attack on alkylperoxyalkenes. Bloodworth, Eggelte and
Courtneidge (1983)27 found upon reacting l-r-butylperoxycyclo-oct-4-ene (1) with
A-bromosuccinimide in methanol or bromine in carbon tetrachloride, the bicyclic ethers
(3) and (32) were produced in the same ratio of 3:1 in both cases (Scheme 20). These
reactions were again proposed to proceed via a trialkylperoxonium ion intermediate.
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OOtBu

X
X

O

+

o

X
Br

Br

(D

(32)

(3)

Scheme 20
The reaction mechanism for the generation of the bicyclic ether (3) (Scheme 10),
is proposed to be an electrophilic attack on the double bond followed by intramolecular
alkylation of the peroxide to generate the peroxonium ion (2 ) which subsequently
undergoes Baeyer-Villiger cleavage to produce the [4.2.1]bicyclic ether (3) and the
2-methoxy-2-propyl cation. Similarly the [3.3. l]bicyclic ether (32) is generated by the
attack at the other alkene carbon. This mechanism was confirmed by carrying out the
reaction in methanol-d4. As expected, the 2-methoxy-2-propyl cation was trapped to
afford the (d3 )-2,2-dimethoxypropane (Equation 14).

CH3 C+(OCH3 )CH3 + CD3OD --------- ► CH3 C(OCD3 )(OCH 3 )CH 3 + D+ (14)

Bloodworth, Bowyer and Mitchell (1986)8 reported evidence for a 3-membered
trialkylperoxonium intermediate. This investigation involved product studies of the
reaction of p-iodo-alkyl f-butyl peroxides (33) with silver trifluoroacetate (Scheme 21).
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/
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3

(34)
Ri

/
R2

Ag+

[a] Ri= Me ; R2= Me, Et, Pr, PhCH 2

/

/Y
RCH
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Ri+
O
OtBu
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/
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(37)

^A

O

Ri

(38)

Scheme 21
The products obtained suggested that the 3-membered peroxonium ions are
formed and that 1,2-nucleophilic migration decreases in the order phenyl > OO-f-butyl >
alkyl.
Regiospecific formation of products, in which a f-butylperoxy or phenyl group
has migrated to the primary site, suggested that these unsymmetrical peroxonium and
phenonium intermediates have carbocationic character or rearrange to become fully
fledged carbocations before conversion to products.
The product (34) could result from the attack by the trifluoroacetate anion upon
the carbocationic intermediate (39) produced after the migration of the r-butyl-peroxy
group (Scheme 22).
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/
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Me
(36)

(35)
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However the formation of the Hofmann elimination product (35) gave further
evidence for the trialkylperoxonium intermediate (40). The authors proposed that a
proton antiperiplanar to the breaking carbon-oxygen bond in the trialkylperoxonium ion
is lost in an E2 mechanism.

Dialkylperoxonium Ion Intermediates
Dialkylperoxonium ions can exist as two structural isomers. These are referred to
as geminal dialkylperoxonium ion intermediates (42) where both alkyl groups are on the
same oxygen atom, and vicinal dialkylperoxonium intermediates (41) where the alkyl
groups are on different oxygen atoms (Figure 6 ).
H

R

x

R

R

o +— o 7

H
Vo +—

/

R

/

(41)

(42)

(vie)

(gem)
Figure

o7

6

There have been very few reported examples of geminal dialkylperoxonium ions
in the literature and these all involve cases where an intramolecular alkylation reaction
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had formed a cyclic dialkylperoxonium ion. There have been no reported examples of an
intermolecular geminal dialkylperoxonium ion. Whereas the number of reactions
reported where vicinal dialkylperoxonium ions have been formed as intermediates is by
comparison large and not only restricted to intramolecular alkylation reactions. This
probably because the vicinal dialkylperoxonium ion can lose a proton to give a stable
product (ROOR’). However if the geminal dialkylperoxonium ion loses a proton it would
give an unstable perepoxide. But in intramolecular alkylation reactions stereochemical
constraints can prevent the formation of the vicinal dialkylperoxonium ion.
The difference in the nucleophilicity of the two oxygens in an alkyl
hydroperoxide will be much greater than that for the two oxygens in most dialkyl
peroxides. 14 In an alkyl hydroperoxide the oxygen next to the alkyl group will be more
nucleophilic as electrons will be normally donated by the alkyl group to the
neighbouring oxygen. So a combination of the enthalpic/entropic effects in the ring
closure 45,46 and the difference in the nucleophilicities of the two oxygen sites a and p to
the alkyl group will determine whether a vicinal or geminal dialkylperoxonium
intermediate will be formed in an intramolecular alkylation reaction of an alkyl
hydroperoxide (Scheme 23).

{gem)

{vie)

Scheme 23
Vicinal dialkylperoxonium ions have been formed by intramolecular alkylation
reactions, either by Lewis acid induced ring closure 47-49 or by electrophilic attack on
hydroperoxy-alkenes.50-54,61-64 Examples of these reactions include the first synthesis of
the prostaglandin endoperoxide nucleus, 2,3-dioxabicyclo[2.2.1]heptane (45), by the
reaction on fratts-y-bromohydroperoxycyclopentane (43) with silver acetate.47 The
intermediate in this reaction will be the 576-membered vicinal bicyclic
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dialkylperoxonium intermediate (44) (Scheme 24).
OOH

O

►

Br
(43)

(44)
Scheme 24

Adam et al. (1978)48 reported the preparation of various 1,2-dioxolanes (48) by
the intramolecular cyclisation of hydroperoxy bromides (46) with silver oxide. The
formation of these products will occur by a Lewis acid induced ring closure to a vicinal
dialkylperoxonium intermediate (47), which will deprotonate to form the corresponding
1,2-dioxolane (48) (Scheme 25).
R

R

R

R
OOH

Ag20

-H+
R

R

Br

O— O

\

(46)

0 — 0
H
(48)

(47)

Scheme 25
Kopecky et al. (1975)49 found that tetramethyl-l,2-dioxetane (54), pinacolone,
and 2,3-dimethyl-3-hydroperoxybutene were formed in the reaction of silver acetate with
3-bromo-2,3-dimethyl-2-butylhydroperoxide. A 4-membered vicinal dialkylperoxonium
intermediate (53) can be proposed for the formation of the tetramethyl-l,2-dioxetane
(54) (Scheme 26).
H

H
/

O

o

o+

AgOAc

o

-H+

(53)
Scheme 26

(54)
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Porter et al. (1978)53 reported the formation of both 6 - and 7-membered ring
cyclic peroxides (65) and (52) in the electrophilic attack of mercury(II) nitrate on
6-hydroperoxy-2-hexene (49) to form the corresponding peroxymercurials (Scheme 27).
The formation of these peroxides proceeds by way of the two vicinal dialkylperoxonium
intermediates (50) and (51) (Scheme 26). There are also several further reported
examples of 5- and 6 -membered ring formations by intramolecular peroxymercuration
54,61-63

and also one example of a 4-membered ring formation.64
7

.

HgN0 3
H gN 0 3

H g (N 0 3) y / k o + H

OOH
(49)

\ H g N 0

HgNOs

+

O

i
O
(50)

3

o
(51)
KBr,(aq)

HgBr
HgBr
0

1

+

O
Scheme 27
(65)
To date there have only been three reported examples of gem-dialkylperoxonium
ions .27,28,55 Porter and Mitchell (1983)28 suggested the existence of
gem-dialkylperoxonium ion (56) by analogy with the trialkylperoxonium ions which they
had produced (see Scheme 18). The reaction of
5-bromo-2-hydroperoxy-2-methylpentane (55) with silver salts in methanol gave the
peroxy-migration product, 2-methyl-2-methoxy-5-hydroperoxypentane (57). The authors
invoked a similar five-membered peroxonium ion intermediate (56) with, in this case, an
exocyclic OH group (Scheme 28). However the gem-dialkylperoxonium (56) might only
be a transition state en route to the cation which is trapped by methanol.
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H
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o —o
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(56)

(55)

OMe
MeOH
OOH

C+

-H+

OOH

Scheme 28
Bloodworth, Courtneidge and Eggelte (1983)27 showed that the reaction of
l-hydroperoxycyclo-oct-4-ene (58) with N-bromosuccinimide gave the same ratio of
bicyclic ethers (32)and (3) as seen in the reaction of iV-bromosuccinimide with
l-f-butylperoxycyclo-oct-4-ene (1) (see Schemes 10 and 22). By analogy they proposed
the bicyclic dialkylperoxonium ion intermediates (59) and (60) (Scheme 29).
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Br
(60)

Br
(32)

Br
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Scheme 29
Bloodworth, Melvin and Mitchell (1986)55 reported a study of the ability of
gem-dialkylperoxonium ions to transfer oxygen to sulphur substrates. This work
strengthened the evidence that gem-dialkylperoxonium ions were intermediates not
transition states, as they were able to transfer oxygen. The authors, along with generating
the above dialkylperoxonium ions (56), (59) and (60), reported the reaction of
1 ,8 -fr/s(bromomethyl)naphthalene

(61) with an excess of 85% hydrogen peroxide in dry

diethyl ether and silver tetrafluoroborate, which resulted in the production of
naphthopyran (64). The authors proposed a further gem-dialkylperoxonium ion (63)
(analogous to the trialkylperoxonium ion produced by Porter and M itchell 44 (see Figure
5)) which is formed from the hydroperoxy bromide intermediate (62) via intramolecular
alkylation (Scheme 30).
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This thesis will be primarily concerned with evidence, from product studies, for
the generation of tri- and dialkylperoxonium ions.
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Stereochemical Evidence For
An n-Butylated Alkyl
Perepoxide Intermediate
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Introduction

As mentioned in chapter 1, Bloodworth, Bowyer and Mitchell (1985)8 provided
evidence for the production of 3-membered ring trialkylated peroxonium ions by the
reaction of a series of r-butyl (3-iodo-alkyl peroxides with silver trifluoroacetate (chapter
1, Scheme 21). In a subsequent paper (1986)42 they went on to provide further
compelling evidence for the existence of 3-membered ring trialkylated peroxonium ion
intermediates by using a stereochemical probe. The isomeric r-butyl p-iodopentyl
peroxides (la) and (lb) were treated with silver trifluoroacetate and gave identical
mixtures of substitution products (3a) and (3b) (Scheme 1). It was argued that these
results pointed to the common peroxonium ion intermediate (2 ), which was sufficiently
long lived to be attacked at each ring carbon atom thus allowing nucleophilic substitution
by the trifluoroacetate group at both C 2 and C3.
OCOCF 3 Et
H
Me

Me

Et
.H

H

0-0

Me /
H

y /
0 +
I
o

(la)

Me

0-0
(3a)
+

Me

OCOCF3

AgOCOCF3
Et
OO

(2)

H

0-0

(lb)
Scheme 1

(

VHEt
(3b)

Reactions of p-haloalkyl hydroperoxides under similar conditions with silver
trifluoroacetate have produced 1,2-dioxetanes.49 Therefore it was significant that in none
of these reactions was there any evidence for the formation of dioxetanes. It was
suggested 8 that the steric bulk of the r-butyl group prevented the formation of the
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necessary precursor, the 4-membered ring peroxonium ion (4) (R5= rBu), and thus
enhanced the selectivity for the 3-membered ring isomer (5) (R5= rBu) (Figure 1).

OR,
(4)

(5)
Figure 1

Furthermore, the two r-butyl p-iodopentyl peroxides (6 a) and (6 b), which are
epimeric with (la) and (lb) respectively, gave products that appeared not to have been
produced from peroxonium ion (14) (Figure 2), the trans analogue of the
trialkylperoxonium ion in Scheme 1.
H

Et
.H
V 7*

o+
O

(14)
Figure 2
The authors suggested that the reactions of the r-butyl p-iodopentyl peroxides
(6 a) and (6 b), which went with retention of both regio- and stereochemistry, proceeded
by a hitherto unestablished SN2(cyclic) mechanism to produce the substitution products
(7a) and (7b) (Scheme 2).
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The authors obtained similar results in the reactions of the analogous r-butyl
p-bromopentyl peroxides with silver trifluoroacetate.42
The authors considered 42 what effects gave rise to the SN2(cyclic) mechanism.
They felt that, though it was difficult to estimate the degree to which the configuration of
the peroxide-bearing carbon atom affected the energies of the SN2(cyclic) transition
states (cf. Scheme 2), it seemed reasonable to expect this to be small when compared
with the difference in energy of the isomeric peroxonium ion intermediates (2) and (14).
The results indicated that only the peroxonium ion (2) with alkyl groups cis was formed
and therefore was more stable than the rra/u-peroxonium ion. This in turn suggested that
the steric interactions between the methyl and ethyl groups must be less important than
those involving the r-butoxy group. The authors cited MINDO/3 studies of related
systems

56

which appeared to support the conclusion that the preferred conformation of

the peroxonium ion unexpectedly placed the r-butyl group near to the ring substituents,
antiperiplanar to the lone pair of electrons of the cationic oxygen (Figure 3).
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Mitchell considered that these MINDO/3 results were examples of extended
a-conjugation through the r-butyl-oxygen bond to the oxonium lone pair of electrons,
thereby stabilizing this particular conformation.57 Hence the cw-peroxonium ion (2) can
adopt a configuration in which there is no interaction between the r-butoxy group and the
alkyl groups, whereas one such interaction must necessarily occur in the trans isomer.
The aim of the work described in this chapter was to investigate these steric
effects further by replacing the r-butyl group (R5 in peroxonium ion (5)) with an w-butyl
group. It was felt that the interaction between the w-butoxy group and the methyl and
ethyl substituents would be less marked, and thus might allow all the isomeric
/i-butylperoxy iodides analogous to (la), (lb), (6 a) and (6 b) to undergo reaction via
peroxonium ion intermediates.
This project looked hopeful as work carried out by Khalaf (1986)58 using an
w-butyl analogue of the r-butyl (3-iodoalkyl peroxides studied by Bloodworth, Bowyer
and M itchell42 (see chapter 1, Scheme 21), had yielded results indicating the formation
of a 3-membered ring trialkylperoxonium ion. Thus, the reaction of the peroxy iodide (8 )
with silver trifluoroacetate yielded a peroxy-migrated substitution product (9) and a
peroxy-migrated elimination product (10) (Scheme 3).
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Similar arguments were used to invoke the intermediacy of the
trialkylperoxonium ion in this reaction as in the case of the r-butyl analogue. With this
background, work was commenced on w-butyl P-halogenopentyl peroxides.
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Results And Discussion

Initially it was decided to work with the n-butyl p-bromopentyl peroxides, as
these could be produced by bromodemercuration in methanol 7 of the mercurials ( 8 a),
( 8 b), (9a) and (9b) (Scheme 4). This reaction normally proceeds with retention of
stereochemistry, so epimeric pairs of the P-bromoperoxides could be produced without
the need for separation of the mercurials by HPLC. The products of the reactions of these
p-bromoperoxides with silver trifluoroacetate would give an idea of whether different
chemistry was observed with n-butyl peroxides, compared with that observed for the
r-butyl peroxides.42
The starting w-butyl hydroperoxide was prepared via the standard mesylate
route .5,6 The n-butyl hydroperoxide was then used in the peroxymercuration 7 of (Z)- and
(E)-pent-2-ene to produce molecules analogous to those used in the r-butyl case 42
(Scheme 4).
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These reactions afforded mixtures of two regioisomers which, by analogy with
model systems, 7,65 were assumed to result from stereospecific trans addition (only one
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enantiomer of chiral structures is shown throughout this chapter, but all compounds were
racemic).
The bromodemercuration of a mixture of the peroxymercurials (9a) and (9b),
under conditions favouring retention,7 afforded a mixture of the w-butyl p-bromopentyl
peroxides (10a) and (10b) (Scheme 5). The composition of the mixture reflected the ratio
of the precursor mercurial isomers.
~
H
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+

H

Et

a)

(9b)

OOnBu

Et
Me
H

Me
H

OOnBu
QOa)

Br
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a) Br2, NaBr, MeOH

Scheme 5
However bromodemercuration of the isomeric mercurials (8 a) and ( 8 b) under the
same conditions gave four n-butyl p-bromopentyl peroxides ( 1 1 a), ( lib ) , ( 1 0 a) and ( 1 0 b)
(Scheme 6 ). The new bromides (11a) and (lib ) predominated over the bromides (10a)
and ( 1 0 b) by a ratio of 2 : 1 .
Br
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+ (8 b)

OOnBu

Et
H
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Et
H
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Me
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a) Br2, NaBr, MeOH

Scheme 6
In similar bromodemercuration reactions on the analogous r-butyl mercurials,4 2
the mercurials derived from (E)-pent-2-ene (cf. Scheme 6 ) afforded two isomeric
products whereas the (Z)-pent-2-ene mercurials reacted to give all four isomers (cf.
Scheme 5). Hence the above results were the reverse of the behaviour reported for the
bromodemercuration reactions of the analogous r-butyl mercurials.
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The bromide mixtures thus produced were each treated with silver
trifluoroacetate under conditions comparable to those used with the r-butyl compounds.
The products were examined using 13C NMR spectroscopy. Neither bromide mixture
showed behaviour markedly different from that of the r-butyl compounds, in that no
unsaturated compounds or dioxetanes were produced. The 13C NMR spectrum of the
products from the reaction of the n-butyl p-bromopentyl peroxides ( 1 0 a) and ( 1 0 b) with
silver trifluoroacetate showed two trifluoroacetate products. The ratio (16:20) of the peak
heights for the

13 CHOO/iBu

signal of the trifluoroacetate products seemed sufficiently

different to that ( 1 1 :2 0 ) for the starting bromides ( 1 0 a) and ( 1 0 b) to justify the
possibility of the intermediacy of a rra/w-peroxonium ion. The 13C NMR spectrum of the
products from the reaction of the mixture of /2-butyl p-bromopentyl peroxides ( 1 1 a),
( lib ), ( 1 0 a) and ( 1 0 b) with silver trifluoroacetate revealed four trifluoroacetate products.
The ratio of the

13 CHOO/zBu

peaks for these products were fairly similar to that

observed for the starting bromides, from which it was felt that little conclusion could be
drawn. Hence it was apparent that if further progress was to be made with this problem,
the isolation of separate isomers would be required. In the r-butyl case 42 this had been
achieved using the r-butyl P-iodopentyl peroxides which had been afforded in better
yields than the bromides and were separable using preparative HPLC. So it was decided
to continue with this work using /2-butyl p-iodopentyl peroxides.
Separation of the peroxymercurials (8 a) and (8 b) was achieved using an
analytical HPLC system, but attempts to separate the mercurials using preparative HPLC
were unsuccessful. So a mixture of all four isomeric /i-butyl p-iodopentyl peroxides
(12a), (12b), (13a) and (13b) was synthesized by the iododemercuration of a mixture of
peroxymercurials (8 a) and ( 8 b) (Scheme 7 ) , 8 each peroxymercurial yielding a pair of
diastereoisomeric iodides.
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Separation of the mixture of n-butyl (3-iodopentyl peroxides (12a), (12b), (13a)
and (13b) was attempted using preparative HPLC, but again great difficulty was
encountered. It should be noted that none of these problems occurred with the r-butyl
system .42 In the end only two of the w-butyl (3-iodopentyl peroxides were separated to
reasonable purity, namely the iodides with the shortest and the longest retention time.
The mixture of the remaining two iodides was only separable using an analytical HPLC
system. The regiochemistries of the two separated iodides were established using
selective

13C{ 1H}

NMR spectroscopy. It was possible to identify the resonances of the

methine protons attached to carbon atoms C2 and C3 from their multiplicity, a doublet of
quartets for C2IDC and a doublet of triplets for C3HX (Figure 4).
4
^

5

-

Where X = I or OO/zBu

Figure 4
The resonances of

13 CHOO/iBu

nuclei can be assigned unambiguously since they
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appear some 30 ppm downfield of 13CHI resonances in the 13C NMR spectrum. So two
semicoupled 13C NMR spectra were taken of the iodide with the longest retention time,
one irradiating at the proton frequency of C2HX causing the

13 CHOOaiBu

doublet to

collapse to a singlet and the other at the proton frequency of C3HX causing the 13CHI
peak to collapse to a singlet. This showed that the iodide with the longest retention time
had the regiochemistry (13), ie. MeCH(00«Bu)CH(I)Et, and confirmed that the methine
multiplet at 5 3.39 was due to CHOO/iBu and that at 5 4.42 arose from CHI. From the
assignment of these signals in the

NMR spectrum it was possible to work out the

regiochemistry of the iodide with the shortest retention time. The

NMR spectrum of

the shortest retention time iodide showed a doublet of quartets at 8 4.55 which were
assigned on the basis of the above correlation to C2HI and a doublet of triplets at 8 3.89
to C3 HO. Therefore it was shown that this iodide had the regiochemistry (12), ie.
MeCH(I)CH(OOrtBu)Et. By analogy with the f-butyl compounds,42 the chromatographic
characteristics suggested that the iodide with the shortest retention time was ( 1 2 a) and
the iodide with the longest retention time was (13b), ie. they had different
stereochemistries as well as different regiochemistries.
Each of the w-butyl (3-iodopentyl peroxides (12a) and (13b) was treated with
silver trifluoroacetate. Whereas only one product was obtained from (13b), (12a)
afforded two products in a 3:5 ratio (Scheme 8 ).
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8

These product distributions correspond exactly to those observed for the r-butyl
case. So substitution of a /2-butyl group for a r-butyl group had little or no effect and the
fraws-peroxonium ion (14) (R5= riBu) was not formed in this case.
Thus from these results the conclusion can be drawn that steric bulk of the
substituent on oxygen does not alter the reaction pathway, which was not the behaviour
that it had been hoped to observe and was counter to the conclusions drawn by
Bloodworth et. al.{see the Conclusion of chapter 3 for further discussion) . 42
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Preparation of n-Butyl Hydroperoxide

Stage 1

/iBuOH

+

Stage 2

/iBuOS02Me +

M eS02Cl

H 20 2

Pyridine
------- —►
0-5 C

wBu0S02Me

50% KOH(aqL
► wBuOOH + MeS0 3 H
MeOH

The literature method 5 was followed except that in Stage 2 the separation was
carried out by the proceedure used for secondary and tertiary hydroperoxides. 6 The final
product was not purified by distillation. The yields were 82% for Stage 1 and 54% for
Stage 2.

13C NMR (100 MHz, CDC13) ppm; 76.88 (CH2 0 ), 29.53,19.05,13.82.
*H NMR (60 MHz, CDC13) ppm; 9.4 (s, 1H, OOH), 4.0 (t, 2H, CH 2 0 ), 1.9-1.1 (m, 4H),
1.0 (t, 3H, CHj).

Preparation of n-Butyl Peroxymercurials

( 8 a) and ( 8 b)
A mixture of 2(bromomercurio)-3-(rt-butylperoxy)pentane (8 a) and
3(bromomercurio)-2-(rt-butylperoxy)pentane ( 8 b) was prepared from (Z)-pent-2-ene by
peroxymercuration with rc-butyl hydroperoxide and anion exchange using the procedure
described in literature.7 The yield of crude product was 76%. Separation of ( 8 a) and (8 b)
was achieved using analytical HPLC on a scale of 0.1 mg and an eluant of 35%
o
dichloromethane in light petroleum(b.p. 60-80 C). But when similar conditions were
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used on the Waters LC500 prep. HPLC system, no separation was observed after 3
passes. From the peak heights in the 13C NMR spectrum, the composition of the mixture
of mercurials was estimated to be 72%:28%.

13C NMR (50 MHz, CDC13) ppm; 89.64 and 82.08 (CHO), 74.32 and 74.07 (CH2 0 ),
65.12 and 51.98 (CHg), 29.85 (OCH2 CH2 ), 26.98 and 26.04 (4 CH2), 20.80 (JCH3), 19.35
(CH2 CH3), 18.73 ^C H ,), 16.78 (5 CH3), 13.98 (CH ^H *), 10.35 (5 CH3).
!H NMR (200 MHz, CDC13) ppm; 4.5 (m, CHO), 4.0 (t+m, O fcO + CHO), 2.6 (m,
CHHg), 1.9 (m, 4 CH2), 1.3-1.7 (m, C F y , 1.50 and 1.32 (d, 1CH3), 1.10, (t, ^ H , ) , 0.94 (t,

CH2CH3).
For analysis, the mixture of (8 a) and (8 b) was purified by column
chromatography (S i02, dichloromethane). Found C, 24.74% ; H, 4.19%. C9 H 19BrHg0

2

requires C, 24.58% ; H, 4.35%.

(9a) and (9b)
A mixture of 2(bromomercurio)-3-(Ai-butylperoxy)pentane (9a) and
3(bromomercurio)-2-(/i-butylperoxy)pentane (9b) was prepared from (E)-pent-2-ene by
peroxymercuration with w-butyl hydroperoxide and anion exchange using the procedure
described in the literature.7 The yield of crude product was 73%. From the peak heights
in the 13C NMR spectrum, the composition of the mixture of mercurials was estimated to
be 62%:38%.

13C NMR (50 MHz, CDC13) ppm; 88.45 and 81.46 (CHO), 74.47 and 74.20 (CH2 0 ),
66.10 and 52.45 (CHg), 29.89 and 29.84 (O C H ^ H ^ , 25.97 and 23.78 f k H j), 20.04
( k s y , 19.39 (CH 2 CH3), 16.63 ^CH*), 15.36 (5 CH3), 13.90 (CH^CHj), 10.69 (5 CH3).
lH NMR(200 MHz, CDC13) ppm; 4.5 and 4.2 (m, CHO), 4.01 and 4.00 (t, Cf^O), 3.0
(m, CHHg), 2.0-1.6 (m, 4 CH2), 1.6 (m, CH ^, 1.38 and 1.30 (d, ^ H ^ , 1.11 and 1.02 (t,
5 CH3 ),

0.94 (t,CH 2 CH 3 ).
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199Hg NMR (36 MHz, CDCI3 ) ppm; -1180.6, -1209.0.

For analysis, the mixture of (9a) and (9b) was purified by column
chromatography (Si02, dichloromethane). Found C, 24.58% ; H, 4.24%. C ^ ^ B rH g C ^
requires C, 24.58% ; H, 4.35%.

P reparation of n-Butyl p-Bromopentyl Peroxides

( 1 1 a) and (lib )
A mixture of the mercurials ( 8 a) and (8 b) was treated with bromine and sodium
bromide in methanol, using the method described in the literature,7 to afford a 2 : 1
mixture of the bromoperoxides (11a) + (lib ) and (10a) + (10b). The yield of crude
product was 97%. From the peak heights in the 13C NMR spectrum the composition of
the mixture was estimated to be 47%:21% ((11a) and ( lib ) ) and 14%: 18% ((10a) and
( 1 0 b)).

13C NMR (50 MHz, CDC13) ppm, (11a) and ( lib ) (in a mixture also containing (10a)
and (10b)); 87.52 and 81.37 (CHO,), 74.37 and 74.28 (CH2 0 ), 58.30 and 52.22 (CHBr),
29.87 (O C H ^ H ^ , 27.54, 25.43, 21.64, 20.39,19.34 (CH2 CH3), 13.91 ( C H ^ ^ ) , 13.62,
10.94.

( 1 0 a) and ( 1 0 b)
A mixture of the mercurials (9a) and (9b) was treated with bromine and sodium
bromide in methanol, using the method described in the literature,7 to afford a mixture of
the bromoperoxides (10a) and (10b). The yield of crude product was 85%. From the peak
heights in the 13C NMR spectrum, the composition of the mixture was estimated to be
62%:38%, reflecting the ratio of the precursor mercurials.
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13C NMR (50 MHz, CDC13) ppm, (10a) and (10b); 87.94 and 80.66 (CHO), 74.42, 74.08
(CH 2 0 ), 60.44, 50.71 (CHBr), 29.91 ( O C H ^ ^ , 29.88 (OCHiCH^, 28.22, 22.13,
22.05, 19.36 (CH2 CH3), 14.56,13.91 ( C H ^ , , ) , 12.65,10.54.

Reaction on /i-Butyl p-Bromopentyl Peroxides with Silver Trifluoroacetate

( 1 1 a) and (lib )
A mixture of (11a) and (lib ) (containing (10a) and (10b); see above) was treated
with silver trifluoroacetate in dichloromethane using the method described in the
literature.8 The yield of crude product assuming total conversion to the trifluoroacetate
was 59%. Smaller peaks in the C-O region of the 13C NMR spectrum indicated that four
trifluoroacetates were produced in total. From the peak heights in the 13C NMR
spectrum, the composition of the trifluoroacetate mixture was estimated to be
43%:17%:20%:19%.

13C NMR (20 MHz, CDC13) ppm; 88.9, 81.84 and 80.89 (CHO), 74.71,74.49,74.23 and
73.99 (OCH2) 29.78 (O C H ^H ^, 25.89, 20.86, 20.46,19.28 (CH2 CH3), 16.77,14.69,
13.66 (CH2 CH3).

( 1 0 a) and ( 1 0 b)
A mixture of (10a) and (10b) was treated with silver trifluoroacetate in
dichloromethane using the method described in the literature. 8 The yield of crude
product assuming total conversion to the trifluoroacetate was 59%. The 13C NMR
spectrum indicated that two trifluoroacetates were produced. From the peak heights in
the 13C NMR spectrum the composition of the trifluoroacetate mixture was estimated to
be 56%:44%.
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13C NMR (20 MHz, CDC13) ppm; 85.42 and 80.81 (CHO), 74.40 and 74.08 (OCH2),
29.98 and 29.87 (OCH 2 CH2), 29.69, 20.94,19.27(CH2CH3), 15.15,13.66 ( C H ^ ^ ) ,
12.36,10.36.

Preparation of n-Butyl (3-Iodopentyl Peroxides

A mixture of the iodides (12a), (12b), (13a) and (13b) was prepared by the
iododemercuration of a mixture of the peroxymercurials (8 a) and (8 b) using the literature
procedure. 8 The yield of crude product was 75%.

Partial 13C NMR (50 MHz, CDC13) of mixture, ppm; 88.30, 88.03, 82.18 and 80.55
(CHO), 74.31, 74.13,74.00 and 73.83 (OCH2).

The components of the crude mixture were partially separated by HPLC (Si02,
o

50 x 2.25 cm, 2% ethyl acetate in light petroleum(b.p. 60-80 C)). This produced two
mixtures, 1 the faster moving and 2 the slower moving. Both mixtures were separated by
HPLC (Si02, 50 x 2.25 cm, 35% dichloromethane in light petroleum(b.p. 60-80 C)).
This produced four products 1.1 the fastest moving iodide (1 isomer, fairly pure, (12a)),
1 .2

mixture of two iodides,

2 .1

the reaction by-products and 2 . 2 the slowest moving

iodide (1 isomer, pure, (13b)). Yields overall on the separation were 1.1 (12a) 23%, 1.2
24%, 2.1 27% and 2.2 (13b) 27%. Further purification of fraction 1.2 was found possible
but only using a high efficiency analytical HPLC column (5 pm S i02, 100 x 4.5 mm,
o

10% dichloromethane in light petroleum(b.p. 60-80 C)), which yielded a faster running
fraction still containing 2 iodides (12b) and (13a) and a slower moving fraction
containing one iodide (13a).

For 1.1, (12a) [CH3 CH(I)CH(OOnBu)CH 2CH3)]; 13C NMR (50 MHz, CDC13) ppm;
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88.43 (3 CHO), 73.96 (OCH2), 29.78 (OCMjCHj), 28.22 (2 Cffl), 21.77 (‘CH-j, 4 CH2),
19.29 (CH2 CH3), 13.89 (C H iO ty , 10.96 (5 CH3).
'H NMR (400 MHz, CDC13) ppm; 4.55 (dq, 2 CHI), 3.96 (t, OCH2), 3.89 (dt, 3 CHO),
1.80 (d, 'C ft,), 1.56 (m, OCHjCHi), 1.41 (m, 4 CH2), 1.38 (m, CHjCHj) 0.99 (t, 5 Q i 3),
0.93 (t, CH2CHj).

For 2.2, (13b) [CH3CH(OOnBu)CH(I)CH2CH3]; 13C NMR (50 MHz, CDC13) ppm;
80.60d (2 CHO), 74.41t (OCH2), 44.30d (3 Cffl), 29.87t (OCHjCH^, 29.51t (4 CH2) ,
19.31t (CH2 CH3), 16.83q (‘CH-,), 14.54q (5 CH3), 13.86q (CH2 CH3).
*H NMR (400MHz, CDC13) ppm; 4.42 (dt, 3 CHI), 3.97 (t, O O F,), 3.39 (dq, 2 CHO),
1.6-1.8 (m, OCH2 CH2), 1.52 (m, 4 CH2), 1.33 (m, O ^ C H j), 1.16 (d, ‘CHj), 1.01 (t,

5CH3), 0 .8 6 (1, ^ 013 ).

From the analytical HPLC run:Faster moving fraction, (12b) [CH3 CH(I)CH(OOrcBu)CH2 CH3)], in a mixture with
(13a): 'H NMR (400MHz, CDC13) ppm; 4.06 (dt, 3CHO), 4.00 (t, CH 20 ), 2.64 (dq,
2 CHI),

1.8 (m, 4 CH2), 1.6 (m, OCHzCHj), 1.49 (d, 1CH3), 1.40 (s, CH 2 CH3), 0.98 (t,

5 CH3 ),0 .9 4 (t,C H 2 CH3).

Slower moving fraction, (13a) [CH3 CH(00«Bu)CH(I)CH 2 CH3)]; 'H NMR (400MHz,
CDC13) ppm; 4.45 (dq, ^ H O ), 3.99 (t, CH20), 2.57 (dt, 3 CHI), 1.9 (m, 4 CH 2), 1.6 (m,
OCH 2 CH2 ), 1.39 (s, CH2 CH3), 1.32 (d, ‘Ofc), 1.09 (t, 5 CH 3 ), 0.94 (t, C ^ C B j).

Reaction of /i-Butyl (3-Iodopentyi Peroxides with Silver Trifluoroacetate

Silver trifluoroacetate (1.1 mol. equiv.) was added to a solution of the M-butyl
p-iodopentyl peroxide in dichloromethane (50 ml). The mixture was then stirred under
reflux for 1 hr. The mixture was then filtered through a sintered glass funnel (2 cm
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diam.) containing silica (1 cm) covered with Celite (0.2 cm). The dichloromethane was
removed under reduced pressure to yield the products.

Fastest Moving Iodide (12a): The yield assuming total conversion to
trifluoroacetate was 61%. The 13C NMR spectrum indicated that two trifluoroacetates
had been formed as all signals were doubled. From the peak heights the composition of
the mixture was 58%:42%. There were other peaks indicating that the starting material
was not pure.

13C NMR (50 MHz, CDC13) ppm; 84.62, 80.43, 80.00 and 78.66 (2 CH, 3 CH), 74.70 and
74.09 (OCH2), 29.75,29.59 (O C H ^ H ^ , 20.89, 20.72 (4 CH2), 19.27,19.09 (CH2 CH3),
14.83,14.64 (1CH3), 13.85,13.67 (C H ^H ,,), 10.08, 9.99 (5 CH3), C=0, CF3 do not
appear.

Slowest Moving Iodide (1 3 b ): The yield assuming total conversion to
trifluoroacetate was 55%. The 13C NMR spectrum indicated the formation of only one
trifluoroacetate.

13C NMR (50 MHz, CDC13) ppm; 79.38 and 78.90 (2 CH, 3 CH), 74.32 (OCH2), 29.73
(OCH2 CH2), 23.28 (4 CH2), 19.31 (CH 2 CH3), 13.82 (Oft^OT*), 12.42 ( 1CH3), 9.81
(5 CH3), C=0, CF3 do not appear.
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Theoretical Studies Of
Trialkylperoxonium Ions
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Introduction

In chapter 2 it was concluded from the experimental results that substitution of an
«-butyl group for a r-butyl group had little or no effect upon the product distribution
resulting from the treatment of isomeric butyl p-iodopentyl peroxides with silver
trifluoroacetate. Hence it appears that the rraras-peroxonium ion (1) (Rx= R4= H, R2= Et,
R3= Me, Rg= riBu) was not formed in these reactions (Figure 1).

OR5
0)
Figure 1
Thus from these results the conclusion can be drawn that the steric bulk of the
substituent on oxygen is unimportant in determining the selection of the reaction
pathway, which is counter to the suggestions made by Bloodworth et. al. (1986).42
This led to the questioning of the validity of the MINDO/3 studies by Mitchell.56
These studies had produced the result that the preferred conformation of related
peroxonium ions unexpectedly placed the r-butyl group near to the ring substituents,
antiperiplanar to the lone pair of electrons of the cationic oxygen (Figure 2).
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O

CH

Figure 2
So it was decided to extend the MINDO/3 studies of trialkylperoxonium ions to
the actual systems investigated by Bowyer 42 and myself, ie. to butylperoxonium ions
derived from (Z)- and (E)-pent-2-ene (1) (Rlt R2= Et or H, R3, R4= Me or H, R5= nBu or
rBu) and further to the corresponding dialkylperoxonium ions where R5= H.

Semiempirical Methods (MINDO/3)

MINDO/3 is a member of a series of Molecular Orbital (MO) methods developed
by M J.S. Dewar and his group specifically for applications in organic research.67 The
aim of their efforts is to produce an "MO spectrometer" that should eventually be able to
give chemically accurate results for large molecules at reasonable cost in computer time.
The earlier semiempirical MO methods, CNDO, INDO and NDDO, were able to handle
ab initio calculations only on the smallest systems. These methods were not intended to
reproduce molecular geometries and heats of formation, but rather other electronic
effects such as the dipole moment.
MINDO/3 is a modified INDO method, using parameters to approximate
one-centre repulsion integrals thus allowing results to be fitted as closely as possible to
experimental data. The advantage of MINDO/3 over ab initio calculations is that the
calculations are several orders of magnitude faster and can cope with far larger
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molecules.
MINDO/3 was introduced in 1975 by Dewar, Bingham and Lo , 66 and was
parametrized for hydrocarbons, C-H-O-N compounds, C-H-F-Cl compounds and some
types of molecules containing silicon, phosphorus and sulphur.
MINDO/3 has been applied to a wide variety of problems, other than structure
and energy calculations, including NMR chemical shifts and coupling constants.
One of the strong points of MINDO/3 is its performance in carbocation
calculations. However MINDO/3 has been shown to give poor results in several areas.
One of these deficiencies which affects this work is its serious underestimation of lone
pair repulsions. But MINDO/3 generally gives better results for ring systems than for
acyclic systems.
Generally the significance of MINDO/3 is the introduction of the concept of
structure and energy calculation to organic chemistry. The work, in this chapter, will be
mainly concerned with the determination of the most stable structures of
trialkylperoxonium ion intermediates and their heats of formation.
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Results And Discussion

The molecules examined in this computer study were a set of pent-2-ene derived
trialkylperoxonium ions of the general structure (2) shown below (Figure 3).
O

/

\

Q+

R5

'"Hu

(2)
Figure 3
These studies were carried out using the MINDO/3 program held by the
Chemistry Department of University College London. The calculations were performed
by the Cray computer at the University of London Computer Centre. In the Z matrices,
which were the starting points of these calculations, all bond angles and all bond lengths
bar those of C-H bonds were allowed to optimize. The C-H bond length was set to the
standard length of 1.09 A. The results produced are listed in Table 1. (The final Z
matrices may be found in Appendix 1).
TYPE (2)

Ri

r

r-Butyl Trans

H

r-Butyl Cis

r

Heats of Formation
/kJmol" 1

3

r4

r

Et

Me

H

f-Butyl

463

H

Et

H

Me

r-Butyl

465

w-Butyl Trans

H

Et

Me

H

rt-Butyl

435

H-Butyl Cis

H

Et

H

Me

w-Butyl

434

Proton Trans

H

Et

Me

H

H

545

Proton Cis

H

Et

H

Me

H

543

2

5

Table 1
From the results it can be seen that there is virtually no difference in the heats of
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formation of the cis- and rra/w-peroxonium ions; the n-butyl peroxonium ions were
found to be more stable than the r-butyl intermediates presumably for steric reasons; the
gem-dialkylperoxonium ions (2) (R5= H) were considerably less stable, perhaps due to
the lack of the electron releasing alkyl group (R5) to spread the positive charge, and this
could be one of the reasons that examples of this species are rare (see chapter 1 , page
33).
If the geometries of these optimized molecules are examined (Figures 4-9), it can
be seen that none of these structures exhibit the structure (Figure 2) reported by
Mitchell.56 All have the R5 group placed, as expected, as far away as possible from the
3-membered ring. Also, generally in the cases of the rra/w-peroxonium ions, it can be
seen that the O-R 5 bond places the R5 group over the hydrogen atom attached to the
3-membered ring.
These results prompted further investigation of the problem. It was decided to
find out how the heat of formation varied if the r-butyl group was rotated around the
oxygen-oxygen bond. The optimizations were more restricted than in the above cases,
but this was required in order to gain a set geometry of the type shown in Figure 3. These
calculations were carried out on a Vax computer at the City Polytechnic.
The results from Table 2 are plotted on Graph 1 as heat of formation against the
dihedral angle between the O-rBu bond and the H(Me)C-0+ bond for the ris-peroxonium
ion (R5= rBu). This graph shows the energy required to rotate the r-butyl group around
the oxygen-oxygen bond. On examining the graph, it can be seen that the maximum heat
of formation was gained as expected when the r-butyl group was pointing down into the
hydrogen atoms attached to the ring and similarly the lowest heats of formation were
recorded when the r-butyl group was furthest away from the ring subtituents.
However, when Graph 2 (Table 3), a similar plot for the rra/u-peroxonium ion
(R5= rBu), is examined there are two areas, marked with dotted lines, where the plot was
not continuous. These areas are points in the rotation of the r-butyl group where the
MINDO/3 program did not function as the atoms in the initial Z matrix were too close

unapter j Kesuus ana uiscussion

Figure 4 Optimised Geometry of f-Butyl Trans Peroxonium
Ion Intermediate

Figure 5 Optimised Geometry of f-Butyl Cis Peroxonium
Ion Intermediate

uj
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Figure

6

Optimised Geometry of n-Butyl Trans Peroxonium
Ion Intermediate

Figure 7 Optimised Geometry of n-Butyl Cis Peroxonium
Ion Intermediate
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Figure

8

Optimised Geometry of Proton Trans Peroxonium
Ion Intermediate

Figure 9 Optimised Geometry of r roton Cis Peroxonium
Ion Intermediate

67

68

Chapter 3 Results and Discussion

600

550 “
AHf
/ kJmol"
500 -

£H3 □ □

460
-200

-100

200

100

0

♦
Graph 1; Energy of rotation for ris-peroxonium ion intermediate.
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together. In the work reported by Mitchell,56 which used molecules very similar to the
fra/w-peroxonium ion studied here, obviously the MINDO/3 program was started with a
structure (Z matrix) which placed the r-butyl group between the ring substituents. Thus
Graph 2 shows how none of the structures used by Mitchell were able to optimize past
the barriers where the program does not function and so gave the spurious results shown
in Figure 2.
When Graphs 1 and 2 are compared, the results also indicate that the rotation of
the r-butyl group appears considerably easier in the case of the ris-peroxonium ion
compared to the trans case if the plot had been continuous.
To complete these studies it was decided to examine the energy required to invert
the r-butoxy group (Figure 10). For these calculations no rotation about the O-rBu bond
was allowed. This resulted in the energies of formation produced for dihedral angles
o

greater than 180 being considerably higher than they should be. However, these
calculations can be used to give a comparison of the energy barrier to inversion for the
cis and frartj-peroxonium ions. Graphs 3 (Table 4) and 4 (Table 5) show plots of heat of
formation against the dihedral angle between the 0

-0

bond and the plane of the ring for

the cis- and fratts-peroxonium ions respectively. In both cases the barriers to inversion
were similar in energy but considerably lower in energy than the barriers to rotation.
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Figure 10 This figure shows the inversion o f the f-butoxy group in the
trans -peroxonium ion illustrating all the structures for which heats o f
formation were calculated. The observer is looking down the plane o f the ring.
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Conclusion

From the experimental results given in chapter 2 and the theoretical calculations
described in this chapter, it is clear that the explanation proposed by Bloodworth,
Bowyer and Mitchell (1986)42 for the difference in reaction pathway exhibited by
epimeric p-iodopentyl peroxides needs to be modified.
A change in steric bulk of the oxygen substituent (R5 ) from r-butyl to /i-butyl
does not appear to alter the behaviour of these compounds towards silver
trifluoroacetate. Furthermore the MINDO/3 results seem to indicate that steric effects are
of little importance, with no change in optimised structure upon altering the oxygen
substituent from r-butyl to w-butyl or even to a hydrogen atom.
However the experimental results show that the stereochemistry of the reactant
does seem to play a decisive role in the selection of mechanism.
So it has to be concluded that if an antiperiplanar arrangement between an
exocyclic oxygen lone pair of electrons and the C-O bond forming in the peroxonium
ring is preferred ,57,68 full account of which would not be taken in the MINDO/3 model,
then the system must adopt a transition state conformation where the exocyclic alkyl
group (R5 ) lies towards the ring substituents. This requirement would disfavour the
formation of a trans substituted peroxonium ion and might be the cause of the observed
change in reaction mechanism for the epimeric butyl P-iodopentyl peroxides.
Alternatively, for some stereochemical reason which is not self evident, the S ^ c y c lic )
mechanism is considerably more favourable for the epimer that would afford the trans
peroxonium ion than for that which would yield the cis peroxonium ion.
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Hydroperoxymercuration
Of Alkenes Using 30%
Hydrogen Peroxide

Chapter 4 Introduction

76

Introduction

As can be seen from chapter 2, a considerable amount of work was carried out on
the reactions of w-butyl p-halogenopentyl peroxides with silver trifluoroacetate. It had
been hoped that the reactions of these n-butyl peroxides would show evidence for a
frfltts-peroxonium ion intermediate, unlike the behaviour observed with the analogous
r-butyl peroxides,42 but in the event this was not the case. On the basis of the conclusions
about the conformation of peroxonium ions in the MINDO/3 work of Mitchell,56 it was
decided to make a larger stereochemical change and examine the reactions of
p-halogenopentyl hydroperoxides to see if these would show the desired change in
mechanism (see chapter 2, Introduction). Accordingly a new method of producing
(3-halogenopentyl hydroperoxides was sought which was not based on the use of
concentrated hydrogen peroxide, thus allowing preparative work on a larger scale. The
most promising route appeared to be via halogenodemercuration of
hydroperoxymercurials. However, subsequent MINDO/3 studies (see chapter 3) showed
that there was no significant difference in the structure of the peroxonium ion
intermediates for the f-butyl peroxy and hydroperoxy cases. At this stage it was decided
to take the original project no further, but to complete the hydroperoxymercuration
studies and then try to use the resultant methodology in another way, namely as the basis
of a general synthesis of alkyl hydroperoxides by combining the work with reductive
demercuration.
The alkyl peroxymercuration of alkenes (Equation 1; R4= alkyl) is a very
versatile method of preparing dialkyl peroxides, particularly when coupled with
demercuration. 141 This method is capable of tolerating a variety of functional groups in
the alkene and can be extended to the synthesis of cyclic and bicyclic peroxides.

R 1R 2 C=CHR3

+
►

R4OOH

+

H g(0 2 CCX3) 2

R 1R 2C (0 0 R 4 )CH(Hg0 2CCX3 )R3

+ H 0 2 CCX 3 (1)
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Hydroperoxymercuration (Equation 1, R4= H) has been little studied by
comparison. Only a few hydroperoxymercurials have been fully characterised, and all
preparations involved the use of concentrated (55-87%) or anhydrous hydrogen
peroxide .20,69,70
Thus Schmitz et al. (1970)69 reported the preparation of hydroperoxymercurials
from cyclohexene (1) and styrene (2) by using mercury(II) acetate in 55% aqueous
hydrogen peroxide (Figure 1).
HgOAc

//

A

OOH
0

OOH
HgOA<

(2)

)

Figure 1
Sokolov (1972)70 reported the synthesis of seven hydroperoxymercurials,
including ( 1), the organomercury chloride analogues of ( 1) and (2 ), and the compounds
shown in Figure 2, by using mercury(II) acetate in 60-90% aqueous hydrogen peroxide
with subsequent ion exchange where appropriate.
Ph
HgOAc
OOH

(3)

^H gC l

ph-

HgCl

/ ^ H g C l
Ph

OOH

O

(4)

(5)

OOH

OOH

©

Figure 2
Finally Bloodworth and Loveitt (1977)20 published results providing a further
five examples of hydroperoxymercurials. These were synthesized using mercury(II)
trifluoroacetate and 78-87% hydrogen peroxide in dichloromethane, but were obtained as
mixtures with the corresponding ^w-p-mercurioalkyl peroxides (Equation 2).
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R1R2C=CH2 + H20 2 + Hg(02CCF3)2

--------- ►

R1R2C(00H)CH2Hg02CCF3 + (FjCCOiHgCHjCR'R2*}-^
Alkene

R1

R2

Ethene
Propene
Phenylethene
2-Methylpropene
2-Phenylpropene

H
Me
Ph
Me
Me

H
H
H
Me
Ph

(2)

In a preliminary study, Courtneidge (1982)71 reported that the
hydroperoxymercurial (2) could be prepared in a yield of 96% by using 30% aqueous
hydrogen peroxide and mercury(II) acetate. It was decided to see if this promising
method using commercially available and less hazardous solutions of hydrogen peroxide
could be extended to a range of representative alkenes.
If this method proved successful, further work would be carried out to examine
methods of achieving reductive demercuration to produce alkyl hydroperoxides. This
would be achieved either by a direct route (Scheme 1 (a)) or via a protected
hydroperoxymercurial (Scheme 1 (b-d)). Thus it was hoped to afford a new synthesis of
alkyl hydroperoxides.
R>R2 C=CHR3

►R 1R^HCOOHJCHCHgXJR3

R 1R2 C(OOH)CH 2 R3

R 1R2 C(OOR)CH(HgX)R3

R 'R 2C(OOR)CH 2R 3
(a), (c) Reductive demercuration
(b) Protection of hydroperoxide group
(d) Deprotection of hydroperoxide group
Scheme 1
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Results And Discussion

When an alkene (10 mmol) was stirred for 45 minutes with a suspension of
mercury(II) acetate (10 mmol) in 30% hydrogen peroxide (10 ml; ca. 90 mmol) and the
resultant mixture extracted with dichloromethane, a product was obtained which, after
anion exchange with aqueous potassium bromide consisted of either a mixture of
hydroperoxymercurial (7) and hydroxymercurial (8 ) or the hydroperoxymercurial alone,
depending upon the alkene (Equation 3; Table 1).

R 'R 2C=CHR 3

Hg(OAc) 2
--------- ►
30% H 20 2

aq
►
KBr

R 1R2 C(OOH)CH(HgBr)R3

CD

+ R 1R2 C(OH)CH(HgBr)R 3 (3)

(8)

Authentic samples of the hydroxymercurials (8 ) were prepared, by using water in
place of 30% hydrogen peroxide, to provide comparative data .72 Where the formation of
hydroperoxymercurials alone is reported (Table 1), hydroxymercurials were undetected
by both 13C NMR spectroscopy and TLC. The hydroperoxymercurials were found to run
on TLC considerably more slowly than the hydroxymercurials (For TLC on unactivated
Merck aluminium-backed Kieselgel 60(70-230 mesh), the difference in Rf values, with
dichloromethane as eluant, was about 0.4 on average). Analytically pure
hydroperoxymercurials were obtained by gravity column chromatography (Si02,
dichloromethane).
Table 2 shows partial 13C NMR chemical shift data for the
hydroperoxymercurials and corresponding hydroxymercurials. It is interesting to note
that COOH was consistently less shielded (5 larger by 11.3 to 13.8 ppm) than the
corresponding COH, whereas the CHgCOOH was consistently more shielded (5 smaller
by 6.3 to 9.0 ppm, with one exception) than the corresponding CHgCOH.
An examination of the results in Table 1 reveals that hydroperoxymercurials were
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Table 1
Products, R 1R2 C(OOH)CH(HgBr)R3 (7) and R 1R2 C(OH)CH(HgBr)R3 ( 8 ), from
hydroperoxymercuration of alkenes, R 1R2C=CHR3, using 30% hydrogen peroxide.

Alkene

Product
Distribution (mol%)a

Yield(%)
of crude

Yield(%)
of pure

(7) + ( 8 )

(Z)

(8 )

Hex-l-ene

50

50

74

24

Styrene

100

0

94

_b

4-Methylstyrene

100

0

99

79

2-Methylpent-1-ene

100

0

92

86

a-Methylstyrene

100

0

92

_b

(Z)-But-2-ene

70

30

31c

15

(E)-But-2-ene

70

30

15d

10

Cyclopentene

100

0

41

13

Cyclohexene

45

55

44

_b

(E)-Hex-3-ene

55

45

58

11

1-Methy lcyclohexene

100

0

96

82

a Calculated to the nearest 5% from 13C NMR peak intensities.
b Not purified; R 1R2 C(OOH)CH(HgX)R3 is known (see experimental part of chapter).
c Organomercury(II) acetates (ratio 80:20) isolated in 92% yield by liquid-liquid
extraction with refluxing dichloromethane.
d Organomercury(II) acetates (ratio 75:25) isolated in 44% yield by liquid-liquid
extraction with refluxing dichloromethane.

(Z)
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Table 2
13C NMR chemical shifts for COOH of (7), COH of (8 ) and CHgBr of (7) and (8 )

Parent Alkene

COOH

COH

(2 )

(8 )

Hex-l-ene

84.69

71.42

Styrene

86.09

4-Methylstyrene

Shielding
of COOH
relative
to COH

CHgBr

Shielding
of CHgCOOH
relative
to CHgCOH

(7)

(8 )

-13.27

38.98

45.37

+6.39

73.29

-12.80

39.39

46.97

+7.58

86.33

73.19

-13.14

39.88

46.97

+7.09

2-Methylpent-1-ene

86.17

74.84

-11.33

44.62

51.88

+7.26

a-Methylstyrene

86.98

75.65

-11.33

47.13

53.40

+6.27

(Z)-But-2-ene

8 6 .2 0

73.25

-12.95

52.66

60.96

+8.30

(E)-But-2-ene

85.06

72.57

-12.49

53.38

60.80

+7.42

Cyclopentene

90.40

77.28

-13.12

56.28

57.40

+ 1 .1 2

Cyclohexene

85.19

72.46

-12.73

55.44

63.70

+8.26

(E)-Hex-3-ene

89.75

75.94

-13.81

63.52

70.91

+7.39

1-Methylcyclohexene

85.66

74.33

-11.33

62.93

70.71

+7.78
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obtained exclusively and in yields exceeding 90% for all alkenes bearing either a single
aryl substituent or geminal substituents, whereas mixtures in markedly lower yields were
generally obtained for monoalkyl- and 1,2-dialkyl-ethenes. When the standard method of
hydroperoxymercuration was used with (Z)- and (E)-stilbene no reaction occurred. The
very low yields which were obtained from (Z)- and (E)-but-2-ene, were shown to be
largely due to the water solubility of the products. Thus when the organomercury(II)
acetates were isolated by liquid-liquid extraction of the reaction mixtures with refluxing
dichloromethane, the yields were increased to 44% and 92% for (E)- and (Z)-but-2-ene
respectively, each product distribution being slightly enriched in hydroperoxymercurial.
It was decided to examine how the formation of both hydroperoxymercurial and
hydroxymercurial occurred with some alkenes but not with others. To this end, the
hydroxymercurial derived from 4-methylstyrene was stirred with 30% hydrogen
peroxide and an equimolar amount of acetic acid. This reaction resulted in the
hydroxymercurial being completely transformed into the corresponding
hydroperoxymercurial (Equation 4).

4-MeC 6H4 CH(OH)CH2HgOAc

30%H2O2
--------- ►
AcOH

4-MeC 6H4 CH(OOH)CH2HgOAc (4)

From this result it was concluded that the observed product distributions arise
from equilibrium control. In the example studied and for five others (Table 1), the
equilibrium lies completely to the side of the hydroperoxymercurial, whereas in the
remaining cases the equilibrium mixture contains 30-55 mole% of the hydroxymercurial.
This example of p-oxy-exchange mirrors other peroxymercuration reactions where
examples of r-butoxy/acetoxy exchange 7 and r-butoxy/methoxy exchange 91 have been
observed.
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Silylation and Reduction of ^-Hydroperoxymercurials

The above method of hydroperoxymercuration would be of more synthetic
interest if it could be used to prepare alkyl hydroperoxides. As a result, it was decided to
see if it would be possible to replace the mercury by hydrogen via reduction with sodium
borohydride to produce a hydroperoxide. An example was reported by Porter et al.

92

where a sodium borohydride reduction of mercurial was carried out in the presence of
oxygen in a pH 7 buffer to afford a mixture of hydroperoxides, indicating that
hydroperoxide groups were stable under such conditions. In my 3rd year project,93 I tried
to use these conditions to reductively demercurate
l-bromomercurio-2-hydroperoxy-2-(4-methylphenyl)ethane but produced the
corresponding alcohol (Equation 5).

4-MeC 6H 4 CH(OOH)CH2HgBr

NaBH4
--------- ►
pH 7

4-MeC 6 H4 CH(OH)CH3

(5)

A further attempt was made to see if a direct reduction of a hydroperoxymercurial
was possible using the milder reducing agent of tetra-w-butylammonium borohydride

78

on l-bromomercurio-2 -hydroperoxy-2 -(phenyl)ethane but this produced the
corresponding alcohol (Equation 6 ).

C 6H 4 CH(OOH)CH2HgBr

(Bu)4 NBH4
--------- ►
C 6H 4 CH(OH)CH 3
CH 2 C12, -20°C

(6 )

Thus not surprisingly sodium borohydride was found to reduce the hydroperoxide
group to alcohol under the same conditions that demercuration took place. Therefore in
order to prevent this occurring, it was deemed necessary to protect the hydroperoxide
group. It was felt that a good method of achieving this would be to silylate the
hydroperoxymercurial. This method seemed quite hopeful as a large range of
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organosilicon peroxides are known,73 and such organosilicon peroxides could be
desilylated using tetra-/i-butylammonium fluoride in tetrahydrofuran .94
Initially the silylation of
l-bromomercurio-2-hydroperoxy-2-(4-methylphenyl)ethane was attempted using the
standard method of trimethylsilyl chloride (TMSC1) in the presence of imidazole as a
base with the solvent being dimethylformamide.74 However during the aqueous work up
a white inorganic mercury-containing precipitate was formed along with 4-methylstyrene
(Equation 7).

4-MeC6H4 CH(OOH)CH2HgBr

TMSC1, DMF
--------- ►
4-MeC 6 H 4 CH=CH 2 + HgX 2
Imidazole

(7)

From this it was concluded that if silylation had indeed taken place, then the
trimethylsilyl group was water sensitive and elimination had occurred to yield the
alkene. Next the same method was tried but using r-butyldimethylsilyl chloride
(TBDMSC1) 75 instead of trimethylsilyl chloride since r-butyldimethylsilyl compounds
are generally less water sensitive. However upon reaction with
l-bromomercurio-2 -hydroperoxy-2 -phenylethane, a similar result was obtained with
styrene and inorganic mercurial being produced (Equation 8 ).

C 6H4 CH(OOH)CH2HgBr

TBDMSC1, DMF
--------- ►
C ^ C H ^ O T , + HgX 2
Imidazole

(8 )

These first attempts at silylation appeared to have failed because of problems in
separating the silylated compounds by an aqueous work up. Thus it was decided to try a
couple of literature methods which did not require the use of water to remove the base
and solvent. The first of these methods 76 involved an attempt to silylate
l-bromomercurio-2-hydroperoxy-2-(4-methylphenyl)ethane using trimethylsilyl chloride
with ammonia bubbling through the solution as the base (Equation 9).
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4 -MeC 6 H4 CH(OOH)CH2HgBr

TMSC1, Et20
►

(9)

N H 3(g)

The product of the reaction was a white mercury-containing solid with a high
melting point which was not identified. It is thought that the reaction may have involved
coordination of ammonia to the mercury and subsequent decomposition. Finally, a
silylation reaction was tried on l-bromomercurio-2 -hydroperoxy-2 -phenylethane using
fo's-trimethylsilyl acetamide (BSA) in dichloromethane (Equation 10) . 77

C 6H4 CH(OOH)CH2HgBr

BSA
--------- ►
c h 2c i 2

(10)

The product of this reaction had a 13C NMR spectrum very similar to that of the
starting mercurial plus a large trimethylsilyl peak. However, it had proved impossible to
remove the acetamide expected to be produced in this reaction, and so although this
method looked hopeful, it could not be concluded with certainty that a silylated
mercurial peroxide had indeed been formed.
With the difficulty encountered in isolating the silylated peroxymercurials, it
was decided to see if these compounds could be reduced in situ. Initially a mild method
of reduction using tetra-n-butylammonium borohydride 78 was tried on the product of the
BSA reaction, but all that this yielded was starting hydroperoxymercurial (Equation 11).

Products of (10)

(Bu)4 NBH4
--------- ►
C6H4 CH(OOH)CH2HgBr
CH2 C12, -20° C

(11)

This cast further doubt upon whether a silyl product had indeed been formed in
the previous step. Secondly a more standard method of reduction was tried ,7,20 in which
sodium borohydride in aqueous sodium hydroxide was added to the reaction mixture
from r-butyldimethylsilylation of the styrene hydroperoxymercurial (Equation 12).
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a)
C6H4CH(OOH)CH2HgBr

TBDMSC1, DMF
Imidazole
C6H4C=OCH3 + rBu(Me)2SiOH (12)
►
b) N a B H ^ aO H

On the addition of aqueous borohydride to the dimethylformamide solution, a
homogeneous reaction mixture was obtained. The products of this reaction were
acetophenone and r-butyldimethylsilyl alcohol. Obviously a strongly basic solution was
produced in this reaction which resulted in the base decomposition of the
peroxymercurial. It was decided to repeat the silylation/reduction on
l-bromomercurio-2-hydroperoxy-2-phenylpropane which should not be base sensitive
since the peroxide group does not have an a-hydrogen atom. The products of this
reaction were a-methylstyrene epoxide and r-butyldimethylsilyl alcohol. These products
could arise by y-scission in a p-peroxyalkyl radical derived from the silylated peroxide
(Scheme 2).

Si(tBu)Me2
O

+ OSi(rBu)Me2

Scheme 2
However, the same products could arise by y-scission in the corresponding
radical from the parent hydroperoxymercurial together with hydrolysis of unreacted silyl
chloride. In any case, the desired result was not achieved and at this point it decided to
discontinue this line of research.
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Conclusion

The method of hydroperoxymercuration described herein is a simple procedure
using commercially available reagents, which afforded fair to excellent yields of
hydroperoxymercurials from a representative range of alkenes.
Future attempts to protect the hydroperoxy group for reduction should in my view
involve using the trityl (Ph3 C) group rather than a silyl group.
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Experimental

H ydroperoxym ercuration

The alkene (10 mmol) was added to a magnetically stirred suspension of
mercury(II) acetate (3.19 g, 10 mmol) in 30% aqueous hydrogen peroxide (10 ml, ca. 90
mmol). The mixture was stirred for 45 minutes and then extracted with dichloromethane
(3 x 10 ml). The combined extracts were stirred vigorously with aqueous potassium
bromide (1.31 g, 11 mmol, 10 ml) for 30 minutes. The organic phase was separated and
the aqueous layer extracted with more dichloromethane (2 x 10 ml). The combined
dichloromethane solutions were dried (MgS04) and the solvent removed under reduced
pressure to afford the crude product.
The only variations were as follows:o
(i) The reactions with (Z)- and (E)-but-2-ene were carried out at -15 C, adding
the alkene in its liquid form; the anion exchange was carried out at room temperature in
the normal way.
(ii) The reaction mixture containing 4-methylstyrene was placed in an ultrasound
bath for 30 minutes before being stirred.
Pure hydroperoxymercurials (7) were isolated by column chromatography
(Merck Kieselgel (70-230 mesh), dichloromethane). The chromatographic fractions were
analysed by TLC (Merck aluminium-backed Kieselgel 60; dichloromethane) using a
solution of dithizone in chloroform to visualize the organomercurials. Each
hydroxymercurial (8 ) was eluted ahead of the corresponding hydroperoxymercurial (7).
Yields are given in Table 1; spectroscopic, Rf values and analytical data are given below.

l-Bromomercurio-2-hydroperoxvhexane (from hex-l-ene): oil
13C NMR (50 MHz, CDC13) ppm; 84.64 (CHO), 38.98 (CH2Hg), 35.88,28.01,22.67,
14.18.
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*H NMR (200 MHz, CDC13) ppm; 8.77 (s, 1H, OOH), 4.43 (m, 1H, CHO), 2.41 (dd, 2 J=
12.0 Hz, 3 J= 4.6 Hz, 1H, CHHg), 2.14 (dd, 2J= 12.0 Hz, 3 J= 6.4 Hz, 1H, CHHg), 1.6-1.9
(m, 1H), 1.2-1.6 (m, 5H), 0.92 (t, 3H, CH3 ).
Rf (in CH2 C12) = 0.21.
Found C, 17.92% ; H, 3.31%. C6H 13BrHg0 2 requires C, 18.12% ; H, 3.29%.

l-Bromomercurio-2-hvdroperoxv-2-phenylethane (from sytrene): oil (not
purified);
13C NMR (50 MHz, CDC13) ppm; 141.90,128.91,128.41,126.14, 86.09 (CHO), 39.39
(CHHg).
*H NMR (200 MHz, CDC13) ppm; 8.1 (br s, 1H, OOH), 7.35-7.20 (m, 5H, Ph), 5.23 (t,
1H, CHO), 2.22,2.21 (ABX, J= 11.7,6.2,7.6 Hz; 2H, CHjHg).

l-Bromomercurio-2-hvdroperoxv-2-(4-methylphenyl)ethane (from
4-methylstyrene): oil;
13C NMR (50 MHz, CDC13) ppm; 139.14,138.38,129.86,126.44, 86.33 (CHO), 39.88
(CH2 Hg), 21.49.
lU NMR (200 MHz, CDC13) ppm; 8.62 (s, 1H, OOH), 7.24 (AB, 3 J= 8.3 Hz, 4H, Ph),
5.17 (t, 1H, CHO), 2.32 (s, 3H, CHj), 2.28,2.20 (ABX, J= 12, 7.4, 6.3 Hz, 2H, O ^ H g ).
Rf (in CH2 C12) = 0.21.
Found C, 24.73% ; H, 2.60%. C9 Hn BrHg0

2

requires C, 25.04% ; H, 2.56%.

l-Bromomercurio-2-hvdroperoxv-2-methylpentane (from 2-methylpent-l-ene):
oil;
13C NMR (20 MHz, CDC13) ppm; 86.17 (CHO), 44.62 (CHHg), 42.63,25.74,17.67,
14.61.
'H NMR (200 MHz, CDC13) ppm; 8.26 (s, 1H, OOH), 2.19 (s, 2H, CH 2Hg), 1.53 (m,
2H), 1.33 (m, 2H), 1.27 (s, 3H, 6 CH,), 0.89 (t, 3H, 5CH 3 ).
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Rf (in CH2 C12) = 0 .2 1 .
Found C, 18.11% ; H, 3.26%. C6H 13 BrHg0 2 requires C, 18.12% ; H, 3.29%.

l-Bromomercurio-2-hydroperoxv-2-phenvlpropane (from a-methylstyrene): oil
(not purified);
13C NMR (50 MHz, CDC13) ppm; 145.23,128.86,127.67,124.94, 86.98 (CO), 47.13
(CH2Hg), 28.09 (CH3).
*H NMR (200 MHz, CDC13) ppm; 8.25 (br s, 1H, OOH), 7.46-7.20 (m, 5H, Ph), 2.38,
2.34 (AB, 2 J= 11.9 Hz, 2H, CH 2Hg), 1.67 (s, 3H, CH 3 ).
The literature NMR spectra reported 20 for the corresponding organomercury(II)
trifluoroacetate match the above numbers closely except for the signals for
CH 2H g 0 2 CCF3.

rArgp-2-Bromomercurio-3-hvdroperoxybutane (from (Z)-but-2-ene): white solid
(unstable);
13C NMR (50 MHz, CDC13) ppm; 86.21 (CHO), 52.66 (CHHg), 19.84,18.55.
'H NMR (400 MHz, CDC13) ppm; 8.16 (s, 1H, OOH), 4.35 (dq, 3J= 5.9,5.1 Hz,
3 J(Hg.H)=

136 Hz, 1H, CHO), 2.58 (dq, 3 J= 7.5, 5.1 Hz, 2J(Hg.H)= 109 Hz, 1H, CHHg),

1.47 (d, 3 J(Hg-H)= 134 Hz, 3H, 1CH3) 1.33 (d, 3H, 4 CH3 ).
Rf (in CH2 CI2 ) = 0.19.
For the corresponding organomercury(II) acetate:
13C NMR (50 MHz, CDC13) ppm; 177.40 (C=0), 85.66 (CHO), 45.05 (CHHg), 22.77,
19.64,18.27.

gryr/zro-2-Bromomercurio-3-hydroperoxvbutane (from (E)-but-2-ene): oil;
13C NMR (50 MHz, CDC13) ppm; 85.06 (CHO), 53.38 (CHHg), 19.11,16.17.
XH NMR (200 MHz, CDC13) ppm; 7.28 (s, 1H, OOH), 4.49 (dq, 3 J= 6 ,4 Hz, 1H, CHO),
3.16 (dq, 3J= 8 ,4 Hz, 1H, CHHg), 1.45 (d, 3H), 1.32 (d, 3H).
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Rf (in CH 2 C12) = 0.18.
Found C, 12.91% ; H, 2.17%. C ^ B rH g C ^ requires C, 13.00% ; H, 2.45%.
For the corresponding organomercury(II) acetate:
13C NMR (50 MHz, CDC13) ppm; 177.31 (C=0), 84.50 (CHO), 46.62 (CH2Hg), 22.46,
18.98, 15.98.

trans- 1-Bromomercurio-2-hvdroperoxyc yclopentane (from cyclopentene): oil;
13C NMR (50 MHz, CDC13) ppm; 90.40 (CHO), 56.28 (CHHg), 30.17, 29.56, 24.14.
*H NMR (200 MHz, CDC13) ppm; 8.2 (br s, 1H, OOH), 4.89 (m, 1H, CHO), 2.85 (m,
1H, CHHg), 2.17 (m, 1H), 1.97 (m, 1H), 1.8-1.5 (m, 4H).
Rf (in CH 2 C1) = 0.24.
Found C, 16.08% ; H, 2.23%. C5 H9 BrHg0

2

requires C, 15.70% ; H, 2.37%.

trans- 1-Bromomercurio-2-hvdroperoxvcvclohexane (from cyclohexene): white
solid with very low solubility (not purified);
13C NMR (50 MHz, DMSO/DMSO-d6), mixed with corresponding hydroxymercurial,
ppm; 85.19 (CHO), 55.44 (CHHg), 32.38, 30.33, 27.86, 23.55.
The corresponding organomercury(II) acetate is known, m.p. 102-103 C 69,
95-102°C ,70 but no NMR data have been reported.

grvriira-3-Bromomercurio-4-hydroperoxvhexane (from (E)-hex-3-ene) oil;
13C NMR (50 MHz, CDC13) ppm; 89.75 (CHO), 63.52 (CHHg), 26.84, 23.44,16.86,
10.60.
NMR (200 MHz, CDC13) ppm; 8.51 (br s, 1 H, OOH), 4.32-4.23 (m, 1H, CHO),
3.20-3.10 (m, 1H, CHHg), 1.94-1.70 (m, 3H), 1.68-1.40 (m, 1H), 1.12 (t, 3H), 1.05 (t,
3H).
Rf (in CH 2 C12) = 0.28.
Found C, 18.16% ; H, 3.33%. C6H 13BrHg0 2 requires C, 18.12% ; H, 3.29%.
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For the corresponding organomercury(II) acetate:
13C NMR (50 MHz, CDC13) ppm; 177.78 (C=0), 88.80 (CHO), 62.93 (CHHg), 26.72,
23.48,23.15,16.71,10.55.

l-Bromomercurio-2-hvdroperoxv-2-methylcvclohexane (from
o
1-methylcyclohexene): white solid, decomposes at ca. 110 C;
13C NMR (50 MHz, CDC13) ppm; 85.66 (CHO), 64.07 (CHHg), 37.14, 30.28,28.65,
25.36,22.82.
'H NMR (400 MHz, CDC13) ppm; 7.56 (s, 1H, OOH), 2.90 (dd, 3 J= 11.3,3.8 Hz,
2%

H g)= 93.3 Hz, 1H, CHHg), 2.21-2.16 (m, 1H), 1.88-1.78 (m, 1H), 1.76-1.63 (m, 4H),

1.46-1.32 (m, 2H), 1.41 (s, 3H, CH3 ).
Rf (inCH 2 Cl2) = 0.15.
For analysis the hydroperoxymercurial was recrystallised from
dichloromethane/rt-pentane. Found C, 20.55% ; H, 3.08%. C 7H 13 BrHg0 2 requires C,
20.52% ; H, 3.20%.

Hydroxymercuration

The method was identical to hydroperoxymercuration except that water was used
in place of 30% hydrogen peroxide.

1-Bromomercurio-2-hydroxvhexane (from hex-l-ene): white solid; the yield was
87%.
13C NMR (50 MHz, CDC13) ppm; 71.42 (CHO), 45.37 (CHHg), 41.47,28.30,22.66,
14.13.
*H NMR (60 MHz, CDC13) ppm; 4.0 (m, 1H, CHO), 2.47 (s, 1H, OH), 2.31 (d, J= 2.4
Hz, 1H), 2.24 (d, J= 3.0 Hz, 1H), 1.6-1.1 (m, 6 H), 0.90 (t, 3H, CH 3 ).

93

Chapter 4 Experimental

l-Bromomercurio-2-hydroxv-2-phenvlethane (from styrene): white solid, m.p.
108-110°C; the yield was 97%.
13C NMR (50 MHz, CDC13) ppm; 146.64,129.06,128.03,124.78,73.29 (CHO), 46.97
(CHHg), 21.15.

l-Bromomercurio-2-hvdroxv-2-(4-methvlphenyl)ethane (from 4-methylstyrene):
white solid m.p. 82-85 C; the yield was 85%.
13C NMR (50 MHz, CDC13) ppm; 143.74,137.73,129.69,124.77,73.19 (CHO), 46.97
(CHHg), 21.15.
:H NMR (60 MHz, CDC13) ppm; 12-1.0 (m, 4H, Ph), 5.11 (t, J=

6 .6

Hz, 1H, CHO), 2.85

(s, 1H, OH), 2.22 (s, 3H, CH 3 ), 2.36-2.22 (m, 2H, CH 2Hg).

l-Bromomercurio-2-hydroxv-2-methvlpentane (from 2-methylpent-l-ene): white
solid; the yield was 83%.
13C NMR (50 MHz, CDC13) ppm; 74.84 (CHO), 51.88 (CHHg), 48.56, 31.29,18.23,
14.74.
*H NMR (60 MHz, CDC13) ppm; 2.38 (s, 2H, CI^Hg), 1.7-1.1 (m, 4H), 1.35 (s, 3H,
6 CH3 ),

0.95 (t, 3H, 5 CH 3 ).

l-Bromomercurio-2-hvdroxy-2-phenvlpropane (from a-methylstyrene): white
o
solid m.p. 64-67 C; the yield was 94%.
13C NMR (50 MHz, CDC13) ppm; 149.62,128.45,126.86,123.90,75.65 (CHO), 53.40
(CHHg), 33.70.

r/irgo-2-Bromomercurio-3-hvdroxybutane (from (Z)-butene):
13C NMR (50 MHz, CDC13) ppm; 73.25 (CHO), 60.96 (CHHg), 25.19,18.79.

Chapter 4 Experimental

94

gryr/ira-2-Bromomercurio-3-hvdroxvbutane (from (E)-butene):
13C NMR (50 MHz, CDC13) ppm; 72.57 (CHO), 60.80 (CHHg), 24.76,17.03.

trans- 1-Bromomercurio-2-hvdroxycyclopentane (from cyclopentene): oil; the
yield was

1 1 %.

13C NMR (50 MHz, CDC13) ppm; 77.28 (CHO), 57.40 (CHHg), 33.90,29.20,23.56.

trans- 1-Bromomercurio-2-hydroxycvclohexane (from cyclohexene): white solid;
the yield was 80%.
13C NMR (50 MHz, DMSO/DMSO-d6) ppm; 72.46 (CHO), 63.70 (CHHg), 37.76,31.11,
27.40,23.87.

grvf/zrfl-3-Bromomercurio-4-hvdroxvhexane (from (E)-hex-3-ene): white solid;
the yield was 5%.
13C NMR (50 MHz, CDC13) ppm; 75.94 (CHO), 70.91 (CHHg), 32.02,24.12,16.58,
10.30.

l-Bromomercurio-2-hvdroxv-2-methylcvclohexane (from 1-methylcyclohexene):
white solid; the yield was 71%.
13C NMR (50 MHz, CDCI3) ppm; 74.33 (CHO), 70.71 (CHHg), 42.90,31.12, 30.47,
28.35,23.33.

Reaction of l-Acetoxymercurio-2-hydroxy-2-(4-methylphenyl)ethane with 30%
Hydrogen Peroxide under Hydroperoxymercuration Conditions

30% Aqueous hydrogen peroxide (10 ml, ca. 90 mmol) was added to
l-acetoxymercurio-2-hydroxy-2-(4-methylphenyl)ethane (3.44 g, 8.3 mmol), which was
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prepared by the method described above without carrying out the potassium bromide ion
exchange. To this mixture was added acetic acid (0.51 g, 8.5 mmol). The mixture was
first placed in an ultrasound bath for 20 minutes and then magnetically stirred for 45
minutes. The mixture was extracted with dichloromethane (3 x 10 ml). The combined
dichloromethane solutions were dried (MgS04) and the solvent removed under reduced
pressure. The yield of crude product assuming total conversion to the hydroperoxide was
89%.

13C NMR (50 MHz, CDC13) ppm; 177.64,139.29,138.07,129.53,126.17, 85.38, 53.59,
30.58, 23.16,21.21.
*H NMR (60 MHz, CDC13) ppm; 8.9 (br s, 1H), 7.18 (AB, 4H), 5.12 (t, 1H), 2.32 (s,
3H), 2.2 (m, 2H), 2.00 (s, 3H).

The NMR spectra closely match those of
l-bromomercurio-2-hydroperoxy-2-(4-methylphenyl)ethane, and also peaks for
l-acetoxymercurio-2-hydroxy-2-(4-methylphenyl)ethane were absent
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Introduction

Chapters

6

and

8

will be primarily concerned with the reactions of

l-hydroperoxycyclo-oct-4-ene (1) and l-hydroperoxycyclo-oct-3-ene (18) and this
chapter deals with their syntheses.
Courtneidge first synthesized l-hydroperoxycyclo-oct-4-ene CD27,79 by the
oxidation of cyclo-oct-4-ene-l-tosylhydrazine (6 ) with a mixture of sodium peroxide and
aqueous hydrogen peroxide, a method based on that developed by Caglioti et al..15
Courtneidge’s complete synthetic route from commercially available
cw,cw-cyclo-octa-l,5-diene (2) is shown in Scheme 1. The synthesis of
cyclo-oct-4-en-l-ol (3) 80' 82 and cyclo-oct-4-en-1 -one (4) 83 had been reported. The
methods used involved the acetoxymercuration-mediated route to the alcohol (3), and
oxidation to the corresponding ketone (4) with "chromic acid". The method reported by
Bamford and Stevens

84

was used to convert the cyclo-oct-4-en-l-one (4) into the

corresponding hydrazone (5). However, Courtneidge found problems with the reduction
of tosylhydrazone (5). The then current method

116

involved borane-derived reducing

agents which were not suitable, and the sodium borohydride reduction

117

used instead

suffered from solubility problems. The best results were eventually achieved using a
mixture of dichloromethane and aqueous methanol. Courtneidge converted
cyclo-oct-4-ene-1 -p-tosylhydrazine (6 ), without isolating it, to
l-hydroperoxycyclo-oct-4-ene (1) with a yield of 19% over the two steps. The low yield
was partially caused by the extensive purification procedure needed to remove
impurities. The overall yield (Scheme 1) was only 8 %.
Melvin

119

improved the most inefficient part of Courtneidge’s route, the

reduction of the tosylhydrazone (5) to the tosylhydrazine (6 ). She adopted the sodium
cyanoborohydride reduction (Scheme 2) of Rosini et a lP which achieved an overall
yield of 50% for the two steps and raised the overall yield from
cw,cw-cyclo-octa-l,5-diene (2) to 22%.
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Scheme 2
Melvin decided to take advantage of the appearance of a new synthesis of alkyl

hydroperoxides published by Barton et a / . . 86 The method involved the generation of an
alkyl radical from the corresponding O-acyl thiohydroxamate (7), under photolytic
conditions, in the presence of oxygen and r-butyl thiol. The authors proposed a free
radical chain mechanism (Scheme 3, where R’= Me). The r-butyl thiol acts as an
efficient trap for the alkylperoxy radicals, and the resulting thiyl radical then propagates
the chain.

N j? ^ S

+ RCO2'

S-CR ’3

O

i

N

=o

S -S -C R

’3

R
-CO,

(Z)

O,

H-S-CR ’3
R-O-O-H +

R -O -O -*

R-

Scheme 3
Melvin then developed a scheme to prepare l-hydroperoxycyclo-oct-4-ene (1)
using the Barton method (Scheme 4). The l-bromocyclo-oct-4-ene (8 ) was prepared by
the method of Ziegler et al. from commercially available cis.cis-cyclo-octa-l,5-diene
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(2) . 87 l-Cyanocyclo-oct-4-ene (9) was synthesized by treating the bromide (8 ) with
sodium cyanide in dimethyl sulphoxide under anhydrous conditions.95 The hydrolysis of
the cyanide to cyclo-oct-4-ene-l-carboxylic acid (10) was achieved using similar
conditions to those of Hartley.88 The cyanide was first stirred with hydrogen peroxide
and aqueous potassium hydroxide for

1

hour at room temperature to produce the imine

and then heated at reflux to hydrolyse the imine to the acid. The carboxylic acid (10) was
converted to the corresponding acid chloride ( 1 1 ) using oxalyl chloride in the presence of
dimethyl formamide.89 The preparation of the thiohydroxamate ester (12) was carried
out using the sodium salt of N-hydroxypyridine-2-thione according to the Barton
method. 86 Finally the generation of l-hydroperoxycyclo-oct-4-ene (1) was achieved by
the photolysis of the thiohydroxamate ester (12) in the presence of r-heptyl thiol (Scheme
3, R ’= Et)

90

which was preferred to r-butyl thiol on the grounds of lower volatility. The

overall yield of this scheme from the starting cis,cis-cyc\o-ocxa.-1,5-diene was 15%.
The advantage of the Melvin method (Scheme 4) was that it allowed the
l-hydroperoxycyclo-oct-4-ene (1) to be produced in an

180-labelled

form by conducting

the photolysis of the thiohydroxamate ester ( 1 2 ) under a closed atmosphere of 180 2.
Since it was envisaged that

180-labelled

studies would be carried out later, this scheme

was chosen to begin with as the route to l-hydroperoxycyclo-oct-4-ene (1).
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Results And Discussion

Initially l-hydroperoxycyclo-oct-4-ene (1) was prepared using the
thiohydroxamate route (Scheme 4 ) . 95 Various improvements to the method were devised
and these can be found in the experimental section of this chapter. The yields were
generally reasonable when compared to those obtained by Melvin except for that of the
final step.
The photolysis of the O-acyl thiohydroxamate ester (12) was initially carried out
under conditions similar to those used by Melvin for producing lsO-labelled
l-hydroperoxycyclo-oct-4-ene (1), as it was expected that the lsO-labelled
hydroperoxide would have to be prepared later.96 The yield of 37% was an improvement
over that (7.5%) obtained by Melvin using similar apparatus. However, the need for the
180

-labelled hydroperoxide (1 ) disappeared as new results were obtained (chapter 6 ,

Results and Discussion) and so the standard literature method

95

was adopted. The

product, when using this method, was found to contain approximately

10%

of

cyclo-oct-4-en-l-ol (3) and it proved difficult to separate the mixture. In a subsequent
experiment the solution was irradiated more powerfully by using two tungsten 500 W
lights, as it was hoped that this would lead to a shorter reaction time and less alcohol.
Unfortunately the amount of alcohol impurity rose to 30%.
The formation of the alcohol (3) is thought to be very dependent on the ability of
the efficient radical chain to prevent side reactions

90

In this case the

l-hydroperoxycyclo-oct-4-ene (1) is probably reacting with the r-heptyl thiol to form the
cyclo-oct-4-en-l-ol (3) and a disulphide (Scheme 5).

+ Et3 CSSCEt3

+ 2 Et3CSH

(I)

Scheme 5

(3)
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The amount of alcohol produced was subsequently reduced by using a sodium
lamp and a photochemical reactor to irradiate the solution, as suggested by Melvin .96
Problems which were encountered with the purification of the hydroperoxide due
to the need to use neutral alumina were eventually ironed out by using a two column
technique as described in the experimental part of this chapter.
This thiohydroxamate-based synthesis was finally abandoned when later batches
of hydroperoxide (method 3 in the experimental) were found to be contaminated with an
unknown material which interfered with the reaction of m-chloroperoxybenzoic acid
with the hydroperoxide (i). The problem was originally thought to be due to the use of
commercial (Tokyo Kasei) f-heptyl thiol, which turned out to be a complex mixture.
However this proved not to be the case since the problem persisted even when freshly
prepared r-heptyl thiol was used.
So it was decided to use the tosylhydrazine method (Scheme 1) with Melvin’s
modification of a sodium cyanoborohydride reduction step (Scheme 2), which should
give a better overall yield.
The methods descibed by Courtneidge and Melvin were generally followed. The
yields were reasonable when compared with those in the literature.79,119 In the sodium
cyanoborohydride reduction, it was found that only a 2 -fold excess of p-toluene
sulphonic acid was needed and not the 4-fold excess reported by Melvin. Also great care
had to be taken to control the pH of the reaction mixture (see below). The original
Caglioti conditions

15

were used to convert the hydrazine (6 ) to the hydroperoxide (1).

When this route was used for the first time, the final product also contained 40%
of an unknown compound. According to the 13C NMR spectrum the unknown substance
had

8

different carbon atoms and from an APT experiment it had a structure consistent

with cyclo-octene carrying a single substituent. The substituent-bearing carbon-13 signal
was at 85.73 ppm which would be consistent with a peroxide. Elemental analysis of the
mixture indicated that the unknown was not a hydrazine derivative as only 0.74% of
nitrogen was found. The unknown had very similar chromatographic properties to
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hydroperoxide Q). The unknown was isolated using semi-preparative HPLC and found
to be positive to a peroxide test. The synthetic route was then examined for possible
production of a second peroxide. There was thought to be little chance of this occurring
in the oxidative substitution of the hydrazine with basic hydrogen peroxide via
mechanism described by Caglioti et al..15 However there seemed a greater possibility for
isomerisation at the stage of the cyanoborohydride reduction of the hydrazone (5), since
the reduction mixture had become very acidic. No 13C NMR spectrum had been taken of
the crude hydrazine (6 ) product thus no evidence regarding its isomeric purity had been
obtained.
The generally accepted mechanism for the sodium cyanoborohydride reduction of
tosylhydrazones is shown below (Equation l ) . 102

-H+
R2 C=NNHTos

►
H+

BH 3 CNR,C=N+HNHTos

► R2CHNHNHTos (1)

So a mechanism (Scheme 5) involving further acid-catalysed rearrangement was
proposed for the hydrazone (5) derived from cyclo-oct-4-en-l-one (4). Under acid
conditions, the hydrazone could rearrange to an enamine in a process analogous to
keto-enol tautomerism. The enamine molecule could be attacked by a proton to produce
a carbocation, to which could be donated a lone pair of electrons from the nitrogen to
give the aziridinium ion (19). This ion could rearrange so that the hydrazine group
becomes attached to the carbon atom adjacent to the one to which it was originally
bonded. Thus, the hydrazines (6 ) (Scheme 2) or (17) (Scheme 5) could both be produced
by an acidic cyanoborohydride reduction and so lead to the formation of both
l-hydroperoxycyclo-oct-4-ene (1) and l-hydroperoxycyclo-oct-3-ene (18).
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Elemental analysis confirmed that the unknown peroxide was an isomer of
l-hydroperoxycyclo-oct-4-ene (1), and the known l-hydroperoxycyclo-oct-2-ene

118

was

ruled out from the spectroscopic data. The unknown product was subsequently proven to
be l-hydroperoxycyclo-oct-3-ene (18) by independent synthesis using the route
described later in this chapter. Also the reaction of the mixture of hydroperoxides (1) and
unknown with mercuric acetate and subsequent reduction using sodium borohydride
afforded a product containing 8,9-dioxabicyclo[5.2.1]decane (20), a known compound ,52
which could only be produced from hydroperoxide (18) (Scheme 6 , and see chapter 8 ,
Experimental).
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The discovery of the l-hydroperoxycyclo-oct-3-ene (181 in the above synthesis
led to interest in preparing this hydroperoxide to confirm its structure and examine its
chemistry. A comparison of this chemistry with that of the
l-hydroperoxycyclo-oct-4-ene (1) isomer was expected to be helpful in unravelling the
mechanistic details of the behaviour of the latter hydroperoxide ( 1 ) (see chapter 6 ,
Results and Discussion). It was also hoped that the azirtdinium ion mediated
isomerisation theory postulated earlier (Scheme 5) might be tested by starting from an
alternative hydrazone. So a synthetic route (Scheme 7) was devised to produce the
hydroperoxide (18). It was based on the tosylhydrazine route for
l-hydroperoxycyclo-oct-4-ene (1), but starting with commercial
ris,ris-cyclo-octa-l,3-diene (13) and obtaining cyclo-oct-3-en-l-ol (14) by the
epoxidation/reduction method of Cope et a / . . 101 The sodium borohydride reduction of
tosylhydrazone (17) was carried out taking extreme care of the acidity of the reaction
mixture. The l-hydroperoxycyclo-oct-3-ene (18) thus produced contained a little
l-hydroperoxycyclo-oct-4-ene ( 1 ) as an impurity, showing the azirudinium ion mediated
route (Scheme 5) works in both directions.

Conclusion

From the results described in this chapter, it can be seen that the synthesis of
l-hydroperoxycyclo-oct-4-ene Q) was achieved with more ease and in higher yield by
using the tosylhydrazine route (Scheme 1) modified to incorporate the sodium
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cyanoborohydride reduction (Scheme 2), than by using the thiohydroxamate route
(Scheme 4). However, it should be noted that

18 0-labelling

might not be as easy by the

tosylhydrazine route as by the thiohydroxamate method. The method for the synthesis of
l-hydroperoxycyclo-oct-3-ene (18) (Scheme 7) produced an overall yield of 8%, but it
should be possible to improve this in future.
The isolation of the two isomeric hydroperoxides (1) and (18) when excess acid
was used in the sodium cyanoborohydride reduction of hydrazone (5), points to an
aziridinium ion mediated rearrangement. This was supported by the production of a
small quantity of hydroperoxide ( 1) in the analogous reduction of the isomeric hydrazone
(17).
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Experimental

Preparation of l-Bromocyclo-oct-4-ene ( )
8

l-Bromocyclo-oct-4-ene ( 8 ) was prepared from cyclo-octa-l,5-diene (COD) (2)
by an adapted literature method. 87,95 It was found that the mixing was improved if a
mechanical stirrer was used, as otherwise the acetic acid froze. The yield was 59%.

lR NMR (60 MHz, CDC13) ppm; 5.7-5.4 (m, CH=CH, 2H), 4.5-4.0 (m, CHBr, 1H),
2.8-1.3 (m, 10H).

The

NMR spectrum and the boiling point of the product were in agreement

with those reported in the literature.95

Preparation of l-Cyano-cycIo-oct-4-ene (9)

l-Cyano-cyclo-oct-4-ene (9) was prepared from l-bromocyclo-oct-4-ene (8 ) by
the literature method .95 The product was not purified. The yield of crude product was
92%.

I.R. (vmax cm-1); 2230 (G eN str).

Preparation of Cyclo-oct-4-ene-l-carboxylic Acid (10)

Cyclo-oct-4-ene-l-carboxylic acid (10) was synthesized from
l-cyano-cyclo-oct-4-ene (9) by an adapted literature method . 88,95 The reaction mixture
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was stirred for 2 hours at room temperature before being heated at reflux. The yield was
65%.

13C NMR (50 MHz, CDCI3 ) ppm; 185.96 (C=0), 132.27 (-CH=), 131.18 (-CH=), 44.94
(C1), 33.15,30.97,29.53,27.61,25.77.

The 13C NMR spectrum of the product was in agreement with that reported in the
literature .95

Preparation of Cyclo-oct-4-ene-1-carbonyl Chloride (11)

Cyclo-oct-4-ene-l-carbonyl chloride (11) was prepared from
cyclo-oct-4-ene-l-carboxylic acid (10) by an adapted literature method . 89,95 The product
was purified by a standard distillation at reduced pressure instead of by a trap-to-trap
o
distillation. The distillate boiled at 46-48 C/0.3 mmHg and was obtained in a yield of
91%. The product was stored over molecular sieves in a freezer.

Preparation of the O-acyl Thiohydroxamate (12)

The O-acyl thiohydroxamate (12) was prepared from the acid chloride (11) by an
adapted literature method. 86,95 The recrystallisation involved dissolving the oil in a
minimum amount of dichloromethane and titurating with n-pentane. The yield recorded
was 39%. Owing to difficulties with this crystallisation, the crude ester was used in
subsequent reactions.
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Preparation of l-HydroperoxycycIo-oct-4-ene (1)

Procedure 1
Initially the method devised by Melvin for lsO-labelling was followed, but using
isotopically normal oxygen.96 The crude hydroperoxide was purified by low temperature
column chromatography (neutral, alumina, 50% diethyl ether in light petroleum(b.p.
60-80°C), -30°C). The hydroperoxide (1) was isolated free of alcohol (3) in 37% yield.
In these initial preparations only recrystallised O-acyl thiohydroxamate (12) and
previously prepared r-heptyl thiol were used.

Procedure 2
The hydroperoxide was then synthesized using the literature method 95 but a 250
W bulb was used to photolyse the solution. The yield of crude product was 33%.
Purification using column chromatography as above was attempted, but fresh neutral
Brockmann Grade 1 alumina was used and the hydroperoxide was found to stick to the
column. The column was stripped with diethyl ether. The 13C NMR spectrum of the
ether strippings showed that the hydroperoxide ( 1 ) was contaminated with approximately
10% of the alcohol (3). A further attempt was made to purify the hydroperoxide using
column chromatography (neutral, alumina, Brockmann Grade 1, diethyl ether) but the
hydroperoxide stuck to the column and was stripped off using ethyl acetate. Although the
hydroperoxide (1) contained 10% of alcohol (3), it was deemed usable. The yield of this
semi-purified hydroperoxide (1 ) was 13%.
This method was repeated using two 500 W bulbs to decrease the photolysis
time. The 13C NMR spectrum indicated that the product contained 33% of alcohol (3) so
the purification was abandoned. These experiments used previously prepared r-heptyl
thiol.
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Procedure 3
The reaction was carried out in a photochemical reactor with the mixing achieved
by oxygen bubbling through a sinter in the bottom of the vessel. The solution was
irradiated by a sodium lamp. Otherwise the literature method was followed. Commercial
r-heptyl thiol produced by the Tokyo Kasei was used. The yield of crude product was
55%. The hydroperoxide (i) was purified by column chromatography (alumina,
Brockmann Grade IV ,97 50% diethyl ether in light petroleum(b.p. 60-80°C), -30°C). The
hydroperoxide had a very short retention time on the column and some of the first
fractions were contaminated with an unidentified fast running component. The purified
hydroperoxide was found to contain approximately 2% of alcohol (3) according to the
13C NMR spectrum. The experiment was repeated using freshly made r-heptyl thiol. The
hydroperoxide was purified using two alumina columns in sequence (neutral,
lst-Brockmann grade n, 2nd-Brockmann grade HI, 50% diethyl ether in light
o

o

petroleum(b.p.<40 C), -30 C); the first column was stripped with ethyl acetate.
Unfortunately only 13 mg were isolated apparently because the first column was not
stripped properly.

l-Hydroperoxycyclo-oct-4-ene (1), 13C NMR (50 MHz, CDCI3 ) ppm; 129.83 (-CH=),
129.76 (-CH=),

8 6 .8 6

(CHO), 31.75, 31.62,25.67, 25.29, 22.23.

The 13C NMR spectra of the products were in agreement with those reported in
the literature.95

Preparation of r-Heptyl Thiol

r-Heptanol was prepared by the literature method .98 r-Heptyl thiol was prepared
from this alcohol by a standard method 99 in 38% yield.
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f-Heptanol, !H NMR (60 MHz, CDC13) ppm; 1.64 (s, 1H, OH), 1.44 (q, 6 H, CH2), 0.84
(t,9H, CH3 ).
f-Heptyl Thiol, XH NMR (60 MHz, CDC13) ppm; 1.56 (q, 6 H, CH*), 1.28 (s, 1H, SH),
0.91 (t, 9H, CH3 ).

The *H NMR and boiling points of the products were in agreement with those
reported in the literature."

Preparation of Cyclo-oct-4-en-l-ol (3)

The synthesis of cyclo-oct-4-en-ol (3) from cyclo-octa-l,5-diene (2) was
attempted using the literature method.79,82 The products of the reaction were the acetate
of the alcohol (80%) and cyclo-octadiene (2) (20%) according to the 13C NMR spectrum.

l-Acetoxy-cyclo-oct-4-ene, 13C NMR (50 MHz, CDCI3 ), in a mixture with 1,5-COD,
ppm; 169.40 (0 = 0 ), 129.19 (-CH=), 129.07 (-CH=), 74.89 (CHO), 33.23, 33.18, 25.07,
24.37,21.85,20.70.

The product of the above reaction was added to aqueous potassium hydroxide
(100 g, 100 ml). The magnetically stirred mixture was then refluxed for 5 hours. On
cooling the mixture was extracted with dichloromethane (3 x 50 ml). The combined
organic extracts were washed with water (50 ml), dried (M gS04) and the solvent
removed under reduced pressure. After which it was found that no ester remained. The
product was purified by distillation at reduced pressure. The distillate boiled at
45-52°C/0.1 mmHg (lit 81 101-105°C/10 mmHg). The isolated yield was 49%.
Subsequently when this method was repeated, abandoning the literature saponification in
favour of the one reported here, a yield of 58% was recorded.

Chapter 5 Experimental

114

Cyclo-oct-4-en-1 -ol (3), 13C NMR (50 MHz, CDC13) ppm; 129.85 (-CH=), 129.06
(-CH=), 72.06 (CHO), 37.14,36.21,25.49,24.89,22.73.
13C NMR (100 MHz, CD 2 C12) ppm; 130.31 (-CH=), 129.57 (-CH=), 72.72 (CHO),
37.96,36.54,25.77,25.09,22.95.
13C NMR (100 MHz, CD 3 OD) ppm; 131.04 (-CH=), 130.29 (-CH=), 73.47 (CHO),
38.14,37.46,26.58,26.15,23.80.

The spectral characteristics of the product were in agreement with those reported
in the literature.79,82

Preparation of Cyclo-oct-4-en-l-one (4)

The literature method was followed,79,83 to oxidise cyclo-oct-4-en-l-ol (3) to
cyclo-oct-4-en-l-one (4) using "chromic acid". The product distilled at 40-42°C/0.2
mmHg (lit 83 63°C/7 mmHg) and was isolated in 59% yield.

13C NMR (50 MHz, CDC13) ppm; 214.45 (C=0), 130.54 (-CH=), 130.11 (-CH=), 47.05,
40.13, 26.15, 23.79,21.64.
13C NMR (100 MHz, CD 2 C12) ppm; 214.10 (0=0), 130.89 (-CH=), 130.54 (-CH=),
47.38,40.44, 26.52, 24.22,21.97.
13C NMR (100 MHz, CD 3 OD) ppm; 217.66 (C=0), 131.81 (-CH=), 131.65 (-CH=),
48.07,41.20, 27.34, 25.18,22.62.

The NMR spectra of the product were in agreement with those reported in the
literature 79,83
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Preparation of p-Tosyl Hydrazone (5) from Cyclo-oct-4-en-l-one (4)

The p-tosyl hydrazone (5) was synthesized from distilled cyclo-oct-4-en-l-one
(4) by the literature method.79,84 The product was a white crystalline solid which was
isolated in 87% yield.

p-Tosyl hydrazone (5), 13C NMR (100 MHz, CDCI3 ) ppm: 161.43 (C=N), 143.76,
135.44,131.18 (a), 130.12,129.85,129.42,129.31 (o), 128.40,127.97 (a), 127.78,
39.36, 34.69 (a), 31.24 (a), 28.35,27.23 (a), 25.65,25.37 (a), 23.62,21.95 (a), 21.54,
21.50.

The spectrum showed the product to be a mixture of the two possible
stereoisomers, due to the geometry of the C=N- bond, in a ratio of approximately 4:1 (a
= minor isomer). The 13C NMR spectrum of the product was in agreement with that
reported in the literature.79

Preparation of Cyclo-oct-4-ene-l-p-tosylhydrazine ( ) from the Corresponding
6

Hydrazone (5) using Sodium Cyanoborohydride

p-Tosyl hydrazone (5) (2.92 g, 10 mmol) was dissolved under nitrogen in
tetrahydrofuran (50 ml) in a 250 ml two-necked round bottomed flask whilst being
magnetically stirred. A few milligrams of bromocresol green were added. The flask was
fitted with a water condenser, placed in a water bath at room temperature and the
nitrogen exit gases were passed through a scrubbing line consisting of 3 dreschel bottles
with the final 2 filled with bleach. To the stirred solution, sodium cyanoborohydride
(2.51 g, 40 mmol) was added in one portion and washed in with tetrahydrofuran (50 ml).
A pressure equalising funnel containing p-toluene sulphonic acid (3.8g, 20 mmol) in
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tetrahydrofuran (40 ml) was immediately attached to the apparatus. The acid was added
in small portions (but not completely) to maintain a tan (just off green) indicator colour
(pH= 3.5). The solution became opaque with a white precipitate. The solution was stirred
for 4 hours. The reaction mixture was filtered through celite on a sinter to remove the
precipitate. The filtrate was concentrated under reduced pressure and then quenched by
the addition of water (100 ml). The mixture was extracted with dichloromethane (3 x 50
ml). The extracts were combined, dried (M gS04) and concentrated on a rotary
evaporator. The crude product was a yellow oil which was isolated in 95% yield.

p-Tosyl hydrazine (6 ), 13C NMR (50 MHz, CDC13) ppm; 143.61,135.98, 129.94,
129.67,129.58,129.48, 60.12 (CHN), 32.96, 31.54, 26.25, 25.86, 23.29, 21.50.

The 13C NMR spectrum of the product was in agreement with that reported in the
literature.79

Oxidation of Hydrazine (6) to Produce l-HydroperoxycycIo-oct-4-ene (1)

The crude hydrazine (6 ) (2.41 g, assumed to be 8.2 mmol) was dissolved in
0
tetrahydrofuran (80 ml) and stirred with cooling to 0 C. To the solution was added 30%
aqueous hydrogen peroxide (87 ml) and in one portion sodium peroxide (0.96 g). The
mixture was allowed to stir overnight at room temperature. The reaction mixture was
added to a stirred mixture of water (100 ml) and dichloromethane (15 ml) in a 500 ml
conical flask. The solution was acidified with 2M hydrochloric acid. The organic layer
was then separated and the aqueous layer extracted with dichloromethane

(3

x 15 ml).

The combined organic extracts were then concentrated to approximately half volume
under reduced pressure. The product was then added to water (70 ml) in a 250 ml
separating funnel. Ammonium chloride (2 g) was added to break up the emulsion
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produced. The organic layer was separated and the aqueous layer extracted with
dichloromethane (3 x 10 ml). The combined organic extracts were dried (MgS04) and
the solvent removed under reduced pressure.
o

The crude oil was dissolved in light petroleum(b.p.<40 C, 10 ml), and cooled to
o
0 C. The petrol was extracted with ice cold 4M sodium hydroxide ( 5 x 1 0 ml). The
o

combined extracts were washed with light petroleum(b.p.<40 C, 2 x 10 ml). The alkaline
solution was then mixed with dichloromethane (20 ml). The solution was then acidified
o
with ice cold 2M hydrochloric acid to pH 4, keeping the temperature below 5 C by
cooling the mixture in an ice/salt bath. The resulting mixture was then extracted with
dichloromethane (3 x 20 ml). The combined organic layers were washed with water (10
ml), dried (MgS04) and the solvent removed under reduced pressure. The overall yield
from the hydrazone (5) was 46%.

1-Hydroperoxycyclo-oct-4-ene, 13C NMR (50 MHz, CDC13) ppm; 129.84 (-CH=),
129.76 (-CH=), 86.85 (CHO), 31.77, 31.61, 25.67, 25.30, 22.24.
13C NMR (100 MHz, CD2 C12) ppm; 129.54d (-CH=), 129.40d (-CH=), 86.51d (CHO),
31.45t, 31.25t, 25.36t, 24.97t, 21.95t.
13C NMR (100 MHz, CD3 OD) ppm; 131.00 (-CH=), 130.64 (-CH=), 87.39 (CHO),
33.07, 32.76, 26.63,26.46,23.26.

The 13C NMR spectra of the product were in agreement with those reported in the
literature.79

In two other conversions of hydrazone (5) into hydroperoxide (1), when the pH of
the solution in the reduction step was allowed to fall considerably below pH 3.5, a
second component, which contained 8 carbon atoms was detected in the 13C NMR
spectrum of the product According to the 13C NMR peak heights, the unknown
constituted 42% of the mixture for the first conversion and 17% for the second. An APT
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NMR experiment indicated that the unknown had a monosubstituted cyclo-octene
structure. TLC of the product revealed that the components co-chromatographed in
o

diethyl ether, dichloromethane, and 50% ethyl acetate in light petroleum(b.p. 60-80 C).
The mixture was sent for elemental analysis; found: C, 63.47% ; H, 9.37% ; N, 0.74%.
l-Hydroperoxycyclo-oct-4-ene (1) requires: C, 67.57% ; H, 9.92%. The first mixture was
separated on semi-preparative HPLC (5 pm S i02, 50 x 4.6 mm + 250 x 10 mm + 250 x
o

10 mm, 10% anhydrous diethyl ether in light petroleum(b.p. 60-80 C)). The composition
according to this separation was 40% unknown and 60% l-hydroperoxycyclo-oct-4-ene
(1). The unknown was found to be positive to a peroxide test. The isolated unknown was
submitted for analysis and tentatively suggested to be l-hydroperoxycyclo-oct-3-ene
(18). Found C, 67.68% ; H, 10.13%. C8H 140 2 requires C, 67.57%; H, 9.92%.

l-Hydroperoxycyclo-oct-3-ene (18), 13C NMR (100MHz, CD 2 CI2 ) ppm; 132.55d
(-CH=), 125.87d (-CH=), 85.73d (CHO), 29.32t, 28.96t, 28.62t, 25.97t, 21.66t.

Preparation of the Epoxide of CycIo-octa-l,3-diene (13)

The literature synthesis

101

for the epoxidation of ds,ds-cyclo-octa-1,3-diene

(13) with 35% peracetic acid was followed. It should be noted that the best yields of
epoxide were obtained when fresh peracetic acid was used. The product was not purified
and was found to contain unreacted cyclo-octa-l,3-diene (13).

13C NMR (50 MHz, CDC13) in a mixture containing 1,3-COD, ppm; 134.14 (-CH=),
122.92 (-CH=), 57.97 (CHO), 53.55 (CHO), 29.13, 27.52, 25.83, 25.30.
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Preparation of CycIo-oct-3-en-l-oI (14)

The literature synthesis

101

for the reduction of the crude epoxide with lithium

aluminium hydride to produce cyclo-oct-3-en-l-ol (14) was followed. The product was
o

purified by distillation at reduced pressure. The alcohol boiled at 59-61 C/0.2 mmHg (lit
101

74.5-76.0°C/3.1 mmHg). The overall yield from cis,cis-cyc\o-octa-1,3-diene (13) was

53%.

13C NMR (50 MHz, CDC13) ppm; 131.97 (-CH=), 126.35 (-CH=), 71.91 (CHO), 34.84,
33.97, 28.34,25.68,21.37.
13C NMR (100 MHz, CD2 C12) ppm; 132.24 (-CH=), 126.38 (-CH=), 72.14 (CHO),
35.25, 34.19, 28.52,25.81,21.42.
13C NMR (100 MHz, CD3 OD) ppm; 132.78 (-CH=), 127.58 (-CH=), 72.82 (CHO),
35.65, 34.74, 29.51, 26.66,22.54.

The NMR spectra of the product were in agreement with those reported in the
literature.52

Preparation of CycIo-oct-3-en-l-one (15)

The literature method 79,83 was followed for the oxidation of cyclo-oct-3-en-l-ol
(14) using ’’chromic acid". The product was purified by distillation at reduced pressure.
The product boiled at 38-42 C/0.3 mmHg (lit 83 60°C/5 mmHg). The product was a clear
liquid, isolated in a yield of 48%.

13C NMR (50 MHz, CDC13) ppm; 213.67 (C=0), 131.33 (-CH=), 124.11 (-CH=), 44.15,
42.11,27.03,25.61,24.55.
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13C NMR (100 MHz, CD2C12) ppm; 213.11 (C=0), 131.24 (-CH=), 124.41 (-CH=),
44.21,42.26,27.26,25.66,24.54.
13C NMR (100 MHz, CD3OD) ppm; 216.52 (C=0), 132.08 (-CH=), 125.39 (-CH=),
44.94,43.15,28.12,26.40,25.35.

The NMR spectra of the product were in agreement with those reported in the
literature.83

Preparation of p-Tosyl Hydrazone (16) from Cyclo-oct-3-en-l-one (15)

The p-tosyl hydrazone (16) was synthesized from cyclo-oct-3-en-l-one (15) using
p-tosyl hydrazide by the literature method.79,84 The product was a white crystalline solid
which was isolated in 75% yield. The melting point of the product was 126-128°C. The
product according to the 13C NMR spectrum consisted of two stereoisomers, arising
from the geometry about the C=N- bond, in an approximately 50:50 mixture.

p-Tosyl hydrazone (16), 13C NMR (50 MHz, CDC13) ppm; 163.21 (C=N), 162.89 (C=N),
143.88,135.71,135.53,131.63,129.92,129.50 (4C), 128.28,127.94 (4C), 126.53,
123.24, 37.94, 36.60,29.39, 28.35,27.98,27.30,24.47 (2C), 24.15, 22.49, 21.60 (2C).
lH NMR (200 MHz, CDC13) ppm; 7.8 (brs, NH, 1H), 7.86 (d, 3 J= 8.3 Hz, 2H, aromatic),
7.30 (d, 3 J= 8.3 Hz, 2H, aromatic), 5.6-5.4 (m, 2H, -CH=), 3.00 (d, 3 J= 4.5 Hz) and 2.93
(d, 3 J= 5.2 Hz)(2H, =CHCH2C=N), 2.42 (s, 3H, CH 3), 2.35 and 2.25 (m, 2H,
C=NCH 2 CH2X 2.0-1.4 (m, 6 H).

For analysis a small quantity of the hydrazone was recrystallised from absolute
alcohol and dried at 0.1 mmHg/20°C. Found C, 61.43% ; H, 7.16% ; N, 9.42%.
Ci 5 H 20 N 2O2S requires C, 61.62% ; H, 6.89% ; N, 9.58%.
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Preparation of Cyclo-oct-3-ene-l-/?-tosyIhydrazine (17) from the Corresponding
p-Tosyl Hydrazone (16) Using Sodium Cyanoborohydride

The method described above for the cyclo-oct-4-ene isomer (6 ) was used to
reduce p-tosyl hydrazone (16) to the hydrazine (17). Care was taken in the reduction to
ensure that the acidity of the reaction mixture did not drop below pH 3.5. The product of
the reaction was a yellow oil which was not purified.

13C NMR (50 MHz, CDC13) ppm; 143.61,135.41,131.74, 129.40 (2C), 128.09 (2C),
126.81, 60.59, 29.75, 28.91,28.73, 25.84, 22.21, 21.51.

Oxidation of Hydrazine (17) to Produce l-HydroperoxycycIo-oct-3-ene (18)

The method described above for the cyclo-oct-4-ene isomer (1) was used to
synthesize l-hydroperoxycyclo-oct-3-ene (18). The product was a clear liquid. The
overall yield from hydrazone (16) was 41%.

13C NMR (50 MHz, CDC13) ppm; 132.45 (-CH=), 125.67 (-CH=), 85.67 (CHO), 29.13,
28.80,28.38,25.81,21.46.
13C NMR (100 MHz, CD3OD) ppm; 133.04 (-CH=), 127.17 (-CH=), 86.30 (CHO),
30.33,29.84,29.61,26.77,22.64.
*H NMR (400 MHz, CD2 C12) ppm; 8.1 (brs, 1H, OOH), 6.8-6.55 (m, 2H, -CH=), 4.00
(m, 1H, CHO), 2.5-2.3 (m, 2H, =CHCH2 CHO), 2.25-2.0 (m, 2H), 1.85-1.3 (m, 6 H).

The spectral characteristics matched the unknown produced along with
l-hydroperoxycyclo-oct-4-ene (T) in the similar reaction described earlier. A small
quantity of l-hydroperoxycyclo-oct-4-ene (1), approximately 5%, was also produced in
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Introduction

Interest in bicyclic peroxides was stimulated by the discovery that derivatives of
2,3-dioxabicyclo[2.2.1]heptane, the so called prostaglandin endoperoxides (eg. (2)), were
intermediates in the biosynthesis of prostaglandins and other hormones from
polyunsaturated fatty acids (Figure l ) . 103 So the work on l-hydroperoxycyclo-oct-4-ene
(i) originated in the desire to produce bicyclic peroxides as models to enable the
peroxide chemistry associated with the prostaglandin biosynthesis to be put on a firm
basis.

OH
(2 )

Figure 1
The initial work carried out by Loveitt and Bloodworth (1981)52 involved
attempts to peroxymercurate ds,ri.y-cyclo-octa-1,5-diene (3) using various conditions
and mercury salts. The results are summarised in Scheme 1.
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HSX

(3)

H ex

(4)

reagents
HgX2
Hg(N0 3 )2 H 2 0 a
Hg(C0 2 CF3)2 a

H ex

(5)

(6 )

HeX

(7)

product distibution
% (4) %(5) % (6 ) %(7)
0

0

100

0

37

0

44

19

a, 80-85% aqueous hydrogen peroxide used in CH2 Cl2
Scheme 1
These results were disappointing as the bicyclic peroxide (4) was only produced
in one of the above reactions and even then it was a minor product. Courtneidge
(1982)104 carried out further studies on the peroxymercuration of
cw,cw-cyclo-octa-l,5-diene (3) using an excess of 30% hydrogen peroxide and
mercury(II) acetate followed by in situ sodium borohydride reduction. However the
products did not show any increase in the yield of bicyclic peroxides, although some (5,
X= OAc) was now formed.
Loveitt 105 offered an explanation for the predominance of the bicyclic ethers (6 )
and (7) over the bicyclic peroxides in terms of a peroxonium ion mechanism (Scheme 2).
First a hydroperoxymercurial adduct (8 ) was formed, which was attacked by mercury(II)
trifluoroacetate to produce a mecurinium ion (9). The non-hydroxylic oxygen then
attacked the mecurinium ion to give a gem-dialkylperoxonium ion intermediate (10). The
gem-dialkylperoxonium ion then transfered oxygen to the trifluoroacetate nucleophile to
afford pertrifluoroacetic acid and the bicyclic ether (6 ) (NOTE. In this case both
isomeric bicyclic ethers (6)/(7) and analogous peroxonium ions were formed, but for
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simplicity in this and future examples in this chapter only the bicyclo[4.2.1] ion will be
shown).
HgOCOCF 3

HgOCOCF3
Hg(OCOCF3) 2

Hg(OCOCF 3 ) 2
OOH

OOH

h 2o 2

HgOCOCF 3

(3)

( 8)

HgOCOCF 3

CF3 C 0 3H +

O

(9)

HgOCOCF 3

o +^ 4 OH

HgOCOCF 3

(6)

-o c o c f3

HgOCOCF 3

(10)

Scheme 2
However Loveitt 52 could not rule out the possibility that the bicyclic ethers (6 )
and (7) were being formed by a mechanism involving p-oxy exchange in the
intermediate (8 ) (Scheme 3).
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H ,0
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HgOCOCF3

OOH

HgOCOCF3
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o
]/

HgOCOCF3

h 2o 2

OH

HgOCOCF3
0
1

o
' A

HgOCOCF3

HgOCOCF3

O

O

HgOCOCF3

HgOCOCF3

ft)

HgOCOCF 3
(z)

<y
Scheme 3

l-Hydroperoxycyclo-oct-4-ene (1) was then synthesized by Courtneidge in order
to overcome the (3-oxy exchange problem, as such an exchange reaction is not possible in
the absence of the adjacent mercurio substituent. However, when hydroperoxide (1) was
treated with mercury(II) trifluoroacetate, the results (Scheme 4) were still similar to
those of the peroxymercuration of ri^ds-cyclo-octa-1,5-diene (3).
OOH
Hg(OCOCF3) 2
►

O

HgOCOCF3
0

(ID

)

relative yields

o

39%

V

+

HgOCOCF3HgOCOCF3
(12)
14%

(13)
36%

A

o

NL

HgOCOCF3
(14)

10%

Scheme 4
As the overall recovery was 65%, this reaction was synthetically a very poor way
of producing bicyclic peroxides. The major products (11) and (13) had the same
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structural frameworks as those of (4) and (6 ) derived from the peroxymercuration of
cis,cis-cyc\o-octa-1,5-diene (Scheme 1). So the appearance of bicyclic ethers in the
products of this reaction were taken as further evidence that gemirtflZ-dialkylperoxonium
ions analogous to (10) were being produced. The mercurated bicyclic peroxides (11) and
( 1 2 ) were ultimately derived from the alternative vicma/-dialkylperoxonium ions.
Courtneidge subjected the products of the above reaction to reductive
demercuration and obtained the expected peroxides and ethers originating from the four
mercurials (11), (12), (13) and (14), but reported the presence of unassigned peaks in the
13C NMR spectrum of the products. Melvin (1987)106 suggested that several of these
peaks belonged to cw-4,5-epoxy-l-hydroperoxycyclo-octane (15),
ettd<?-9-oxabicyclo[4.2.1]nonan-2-ol (16) and endo-9-oxabicyclo[3.3.1]nonan-2-ol (17)
(Figure 2).

OOH

O
\

A
O

/ 1

O

\i

OH
(15)

(17)

OH
(16)

Figure 2
Melvin proposed the formation of a monomercurated peroxonium ion analogous
to peroxonium ion ( 1 0 ) and the transfer of a hydroxyl cation to the trifluoroacetate
counterion (cf. Scheme 2). Melvin then suggested that the pertrifluoroacetic acid thus
produced went on to react with hydroperoxide (1) to form the products (15), (16) and
(17) via the mechanism shown in the following scheme (Scheme 5).
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OOH

o

o11
+ H -O -C

CF 3

O

05)
OH

'3

\

/
0

)
trans

©
(18)

O
+H-O-O-C-CF 3
OH

(16)

Scheme 5
Upon electrophilic attack by peroxyacid on the face of the double bond cis to the
hydroperoxide group, a standard epoxidation takes place to yield the
epoxyhydroperoxide (15). However, attack on the trans face is accompanied by internal
nucleophilic attack by the hydroperoxide group to give peroxonium ion (18) and the
trifluoroacetate counterion. Oxygen transfer then occurs to afford the bicyclic ether (16)
(the isomeric bicyclic[3.3.1]ether (17) is produced in a similar manner).
Bearing in mind that the reaction of l-hydroperoxycyclo-oct-4-ene (1) with
iV-bromosuccinimide 27 produced exclusively bicyclic ethers (chapter 1: Scheme 29, (32)
and (3)), Melvin

106

considered that the gem-dialkylperoxonium intermediates were the

kinetically favoured intermediates in the reaction of mercury(II) trifluoroacetate with
l-hydroperoxycyclo-oct-4-ene (i). Therefore, Melvin repeated the reaction but used
mercury(II) acetate with perchloric acid catalysis, as the acetate counterion is more
nucleophilic and thus more able to accept the oxygen from the peroxonium ion. The
results are shown in Scheme 6 .
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(19)
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HgOAc
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OOH

+0
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The mixture obtained contained the acetate analogues (19), (20), (21) and (22) of
the organomercury trifluoroacetates produced by Courtneidge along with the
epoxyhydroperoxide (15). However Melvin was unable to positively identify the bicyclic
ethers (16) and (17) or to establish the relative amounts of the products, as the materials
decomposed under column chromatography conditions.
Bloodworth, Courtneidge and Eggelte (1983)27 studied the reaction of
l-hydroperoxycyclo-oct-4-ene (1) with A-bromosuccinimide (chapter 1: Scheme 29). On
the basis of a similar ratio of bicyclic ethers (24) (chapter 1: (32), (3)) produced by this
reaction and that of 1-r-butylperoxycyclo-oct-4-ene with A-bromosuccinimide (chapter
1: Schemes 10 and 22), they proposed that the reaction proceeded via a
gem-dialkylperoxonium ion intermediate (23) (chapter 1: (59), (60)). The authors also
reported evidence that the gem-dialkylperoxonium ion (23) transferred the hydroxylic
oxygen to the succinimide counterion (Scheme 7).
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Bloodworth, Melvin and Mitchell (1988)95 studied the ability of the peroxonium
ion (23) to transfer oxygen to sulphur substrates. The authors came to the conclusion that
the peroxonium ion (23) was an electrophilic oxygen transfer reagent and that there was
no evidence of deprotonation occurring to give the corresponding dioxygen ylid.
So finally Melvin, 107 on the basis of previous work, decided to treat
l-hydroperoxycyclo-oct-4-ene (1) with m-chloroperoxybenzoic acid to see if the
peroxonium ion (18) would transfer oxygen to the m-chlorobenzoate counterion. It
should be noted that examples of heterolytic oxygen-oxygen bond formation are very
rare with the only previously reported examples limited to reactions that give the
symmetrical species dioxygen

108

transfer would be gained by using

or dimethyl ^ d io x ira n e . 109 The proof for oxygen
180

2-labelled l-hydroperoxycyclo-oct-4-ene (1). On

the basis of the results, Melvin proposed the mechanism shown in Scheme 8 .
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OH
(16)

Scheme 8
Titration of the reaction mixture indicated a high recovery of peroxide as
expected for the above mechanism. The products were separated by HPLC and studied
by mass spectrometry. The mass spectra (18 eV) revealed that the bicyclic ethers (16)
and (17) were monolabelled, thereby confirming that they had lost an

18oxygen.

Also

Melvin claimed to observe in the mass spectrum of the crude product mixture, peaks at
m/z 174 and 176 for the monolabelled m-chloroperoxybenzoic acid as well as peaks at
m/z 172 and 174 for the unlabelled m-chloroperoxybenzoic acid.
So on the basis of these previous observations, work was commenced with
l-hydroperoxycyclo-oct-4-ene (1) with hopes of isolating monolabelled
m-chloroperoxybenzoic acid for use in future mechanistic studies.
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Results And Discussion

Reaction of l-Hydroperoxycyclo-oct-4-ene (1) with m-Chloroperoxybenzoic Acid

Initially the reaction with m-chloroperoxybenzoic acid (MCPBA,

8 8 %,

the rest

being MCBA) was carried out following the method used by Melvin , 128 with the
products being dissolved in ^-heptane to separate out the MCPBA. The separated acid
was washed with buffer to remove m-chlorobenzoic acid (MCBA). Iodometric titrations
were carried out on the white solid residue which showed that it contained no peroxide.
The experiment was repeated without the buffer wash and the separated white solid this
time contained 4% peroxide (see Experimental), even when all the peroxide contained in
the solution was taken into account the peroxide content rose to only 22%. When the
experiment was run under similar conditions in the absence of hydroperoxide ( 1) and
without the buffer wash, the MCPBA content of the separated solid was 82% and when
all the material recovered was taken into account the peroxide content was 76%. Clearly
the experiment was not reproducing the results reported by Melvin
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and this was

obviously not due to MCPBA being unstable under reaction conditions.
To monitor the reaction more closely, it was carried out in dichloromethane-d2
and an overnight 13C NMR experiment was run, in which a spectrum was taken every
hour. This produced some rather surprising results. It showed that the hydroperoxide (1)
was quickly epoxidised by MCPBA to produce a mixture of ds-epoxyhydroperoxide
(15) and f/ms-epoxyhydroperoxide (25) (Scheme 9, see Table 1). The 13C NMR
spectrum showed 16 peaks in the region 90-15 ppm,

8

of which belonged to (15); the

other peaks were assigned to (25) due to the similarities of the signals for CHO carbon
atoms. The epoxidation was complete by the time (ca. 30 mins) that the first spectrum
was obtained.
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Scheme 9
Over the course of the experiment the amounts of frarcs-epoxyhydroperoxide (25)
and ris-epoxyhydroperoxide (15) decreased. As this occurred the bicyclic ethers (16),
(17), cis-epoxyalcohol (26) and epoxyketone (28) were formed (Scheme 10).
OH

OOH
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V

A
OH

(15)/(25)

OOH

A o

o

o

O

(16)
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O

O

O

(17)

(2©

(28)

(15)

Scheme 10
As the bicyclic ethers (16)/(17) appeared in runs 1-3, there was no commensurate
increase in the height of the peaks for MCPBA relative to those for MCBA, suggesting
that MCPBA was NOT formed during the reaction. However, the validity of this
interpretation was slightly in doubt because not all the MCPBA/MCBA was in solution.
The initial and "final" ratios of the products in the three runs are shown in Table 1 (Runs
1-3). Note that none of these experiments was observed to completion in that some (25)
remained (cf. later runs in Table 1).
The absence of any evidence for an increase in the amount of MCPBA in any of
the three runs, the mechanism presented by Melvin
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for this reaction would again

seem to be called into question, ie. oxygen was not being transferred by peroxonium ion
(18) to the m-chlorobenzoate counterion.
The experiment was therefore repeated using methanol-d4 as the solvent in which
all the MCPBA/MCBA remained in solution. Over the course of the reaction, after the
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Table 1: Ratio of products in the reaction of MCPBA with hydroperoxide (1)
Experiment

Final Ratio

Initial Ratio
(15)

(25)

(15)

(25)

(16)

Run 1

57%

43%

49%

18%

11

%

13%

Run 2 a

51 %

41 %

38%

19%

12

%

11

Run 3 a

54%

46%

37%

8

%

Reaction in
CD3OD

56%

44%

43%

0

%

Separated
Epoxides a

_b

_b

42%

0

Raman
Experiment

58%

42%

56%

Reaction with
10 2 Trap

_b

_b

%

Reaction with
nBuOOH

55%

45%

0

41 %

Q7)

(26)
0

%

(28)
8

%

%

13%

7%

17%

16%

14%

8

2 0

%

16%

5%

16%

%

2 0

%

15%

13%

9%

0

%

2 0

%

14%

5%

4%

0

%

24%

13%

40%

23%

0

%

17%

19%

%

19%

6

%

a) The hydroperoxide used was contaminated with approximately 14% alcohol (24).
b) No initial spectrum was recorded.
Note: All percentages are based on the CH 2 peak heights in 13C NMR spectrum
and are in mol%.
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initial epoxidation was complete, the 13C NMR spectra showed no increase in the height
of the signals for MCPBA relative to those for MCBA, which was clearly the major
product. This confirmed that MCPBA is not a product in the second, slow phase of the
reaction. The reaction was allowed to run to completion and as can be seen from the ratio
of the final products (Table 1 ), there was a significant increase in the quantity of
epoxyketone (28) produced.
Trials then produced a method for separating the epoxyhydroperoxides (15) and
(25) from MCBA/MCPBA. This involved low temperature (-30°C) column
chromatography on alumina (approximately Brockmann Grade III).
Epoxyhydroperoxides (15) and (25) were isolated in this way and allowed to stand at
room temperature for 3 days. They reacted to afford the same products as observed
before (Scheme 10), and the ratio of products (Table 1) was in good agreement with that
obtained in the earlier 3 runs when MCPBA/MCBA was present. This provided
incontravertible evidence that the MCBA was not participating in the reaction leading to
the bicyclic ethers (16)7(17).
Consequently all these results left open the question of what was happening to
the "missing" oxygen, since clearly it was not being transferred to the MCBA as
suggested by Melvin (Scheme 8 ). Given the absence of any obvious solvent oxidation,
the possibilities considered were the production of hydrogen peroxide and the evolution
of molecular oxygen. The production of hydrogen peroxide would be hard to detect and
so it was decided to look first for the evolution of oxygen.
The method devised for detecting any evolution of oxygen involved conducting
the reaction of the epoxyhydroperoxides (15) and (25) in a sealed NMR tube and
observing the gaseous phase by Raman spectroscopy. 129 It was found that this was
achieved most easily when the tube contained an initial atmosphere of nitrogen a low
pressure (ca. 0.2 torr). The Raman spectra were recorded before and after the reaction
(Figure 5) and were correlated with the 13C NMR spectra of the solution phase (Figures
3 and 4). In Figure 3(a) the original peaks for (15) and (25) can be seen at

86

and 55 ppm
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Figure 3 ^-D ecoupled 13C NMR spectra showing the resonances of carbon atoms
bonded to oxygen for a solution of (15) and (25) in CD2 CI2 (a) before and (b)
after reaction.
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Figure 4 ^-D ecoupled 13C NMR spectra showing the resonances of methylene
carbon atoms for a solution of (15) and (25) in CD2 C12 (a) before and (b)
after reaction.
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Figure 5 Raman spectra of gas phase above a solution of (15) and (25) in
CD 2 C12 (a) before and (b) after reaction.
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and in Figure 3(b) the disappearance of the signals for (25) at these frequencies is
obvious along with the growth of the signals for (16), (17) and (26). Figure 4 shows the
corresponding changes in the methylene region of the 13C NMR spectrum. Finally, in
Figure 5(b) the appearance of lines for oxygen can be seen in the rotational Raman
spectrum taken at the conclusion of the reaction. Hence, the formation of oxygen during
the decomposition of the epoxyhydroperoxides (15)7(25) was proved by this experiment.
By comparing the line intensities due to the rotational transitions of oxygen and nitrogen
in the final Raman spectrum with those in the spectrum of air, it was possible to estimate
the partial pressure of oxygen in the tube and thereby the number of moles of oxygen
produced. From this it was concluded that £ of the oxygen lost by the
epoxyhydroperoxides was present in the gas phase. These rough calculations take no
account of the differential solubilities of oxygen and nitrogen in the solution phase or of
the possibility that the relationship between partial pressure and line intensities could be
non-linear. So from the calculation it was felt reasonable to conclude that the yield of
oxygen was of the right order of magnitude for it to be a major product.
Clearly a different reaction pathway from that proposed by Melvin

107

must be in

operation. First, the possibility of a radical mechanism was considered, where
bimolecular disproportionation of peroxyl radicals {cf. chapter 1, Equation 13) by a
Russell mechanism would lead to the formation of oxygen (Scheme l l ) . 23

ocr

OOH

OH

Q
+ O'-

2

O

O

(13)/(25)

o

o

(26)/(35)

(28)

Scheme 11
This mechanism would result in the production of epoxyalcohols (26) and (35),
so their behaviour under reaction conditions was examined. The epoxyalcohols were
prepared by treating cyclo-oct-4-en-l-ol (29) with MCPBA in dichloromethane-d2. The
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first 13C NMR spectrum, taken 30 minutes after mixing, showed the presence not only of
ds-epoxyalcohol (26) and rra/w-epoxyalcohol (35), but also of the bicyclic ethers (16)
and (17). The spectrum obtained, after allowing the sample to stand overnight, showed
that the rra/w-epoxyalcohol (35) had disappeared while the amount of bicyclic ethers had
increased and that of cw-epoxyalcohol (26) had remained constant (Scheme 12). From
this it was assumed that both ethers (16)/( 17) were produced by reaction of
fratts-epoxyalcohol (35). Therefore the original ratio of epoxyalcohols was calculated to
be 55% (26) and 45% (35) indicating a similar mechanism to that involved in the
epoxidation of hydroperoxide (1) by MCPBA.

(26)
55%
MCPBA

\
trans

(35)
45%

( 1©
28%

(17)
17%

Scheme 12
In order to react, the rra/w-epoxyalcohol (35) was protonated by the acid medium
and the bicyclic ethers were then produced by internal nucleophilic attack in this species
(Scheme 13).

142

Chapter 6 Results and Discussion

H+

HCW
O

-H+

4-0: X

f t
_H +
'*OH --------►
....OH

+

(35)

(16)

Scheme 13
Thus the reaction of fra/w-epoxyalcohol (35) yields the bicyclic ethers (16) and
(17) and this could be used to account for the production of these ethers by the radical
mechanism (Scheme 11).
However this radical mechanism was discounted after the following points were
taken into account.
1) The differential rates of reaction of the cis- and rratts-epoxyhydroperoxides
(15) and (25). If the reaction was a radical disproportionation, then the two
epoxyhydroperoxides might reasonably be expected to react at the same rate. However,
the trans-isomer is observed to react considerably faster than the cw-compound. Also
reaction should continue after all the frafw-epoxyhydroperoxide (25) has been consumed,
but no change was detected in the product ratio once (25) had disappeared.
2) Comparison with the reactions of l-hydroperoxycyclo-oct-3-ene (see chapter
8 ).

Under similar conditions, this isomeric peroxide also affords both cis- and

fratts-epoxyhydroperoxides. However, the frajty-epoxyhydroperoxide reacts further to
give 8,9-dioxabicyclo[5.2.1]decan-2-ol, a bicyclic peroxide. If the reaction of
hydroperoxide (D went by a radical mechanism, one might reasonably expect the
3-isomer to behave in a similar fashion but this is not the case.
3) Product Ratios. The radical disproportionation mechanism requires the
formation of equimolar amounts of epoxyketone (28) and epoxyalcohols (26)7(35), ie.
the yield of (28) should be equal to the sum of the yields of (26), (16) and (17). In fact it
is always much lower (Table 1). It may also be relevant that the reaction of
hydroperoxide ( 1 ) with di-r-butyl peroxyoxalate, which might be expected to involve the
production of similar radicals, yielded 2{ times more ketone (32) than alcohol (29)
(Scheme 14). Furthermore the reaction of hydroperoxide (1) with di-f-butyl peroxide,
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while irradiated with UV light, led to only one observable product, the ketone (32).
These results suggest that if the epoxyhydroperoxides (15)/(25) decomposed by a radical
mechanism then an even larger amount of epoxyketone (28) would be produced.

H

OH

OOH

O

rBuO(DBPO)

(32)

(29)

(1 )

28%

r\

O — OH

72%
O

(a)

+ OH

-► rBuOH +

(32)
Scheme 14
So the polar peroxonium ion mechanism was examined to see if it could be
modified to offer an explanation for the experimental results. Thus the mechanism in
Scheme 15 was devised wherein the oxygen-trapping nucleophile is the
epoxyhydroperoxide.

OOH

OOH

H+
(a)

O

/

A

o+V .

0

OH

+

H
(25)

(18)

OH
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(35) ------ ► (16) + 0 7 )
Scheme 15

rrans-Epoxyhydroperoxide (25) is protonated and reacts via intramolecular
nucleophilic attack to afford the gem-dialkylperoxonium ion (18) (step a). Intermolecular
nucleophilic attack by the epoxyhydroperoxides (15) or (25) yields the bicyclic ether
(16) (Note that (17) is also produced from the isomeric [3.3.1]peroxonium ion) and the
protonated hydrotrioxides (38)c,t by heterolytic 0 - 0 bond formation (step b). The
protonated hydrotrioxides (38)c,t undergo prototropic shift to form the protonated
hydrotrioxides (39)c,t which then undergo unimolecular decomposition to produce
oxygen plus cis- or frarcs-epoxyalcohol (26)/(35). The fra>ts-alcohol (35) reacts rapidly as
described above to produce the bicyclic ethers (16) and (17) (step d). The mechanism
predicts that the oxygen is formed in the singlet excited state.
Hydrotrioxides are a known species, 130' 132 produced by the incorporation of the
intact O 3 unit by ozonation of various substrates at low temperature. These compounds
o
decompose at temperatures above -30 C to produce singlet oxygen and alcohols. To
confirm the formation of singlet oxygen, Plesni£ar et al. (1979)130 used
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1,3 -diphenylisobenzofuran, 133 as a singlet oxygen trap. This compound reacts with
singlet oxygen to form 1,2-dibenzoylbenzene (Scheme 16).
Ph

►

Ph

0

O O

Ph

Ph

Scheme 16
Hence it was decided to use the same reagent to identify singlet oxygen
formation in the decomposition of the epoxyhydroperoxides (15)7(25). The stability of
the singlet oxygen trap was first tested by leaving it in the presence of f-butyl
hydroperoxide for a week in the dark, over which time no reaction took place. So the
epoxyhydroperoxides (15) and (25) were allowed to react in the presence of the singlet
oxygen trap (0.5 equiv.). A good yield of 1,2-dibenzoylbenzene was indeed obtained, but
as can be seen from the final ratio of products (Table 1) it appears that the singlet oxygen
trap also reacted with the c/s-epoxyhydroperoxide (15) to form ris-epoxyalcohol (26)
and epoxyketone (28). Later a sample of reacted epoxyhydroperoxides containing only
(15) was treated with the singlet oxygen trap. The products of this reaction were similar
to those described before. Therefore the results from the reaction with
1,3-diphenylisobenzofuran could not be taken as firm evidence for the production of
singlet oxygen.
The formation of peroxonium ion (18) (step a) is expected to be the rate
determining step and in agreement with this no NMR signals attributable to this
intermediate were detected during the course of the reaction. Assuming ka «
khtransXbds, where ka is the overall rate constant for step (a) and khtrans and kbcis are
the rate constants for the reaction of epoxyhydroperoxides (25) and (15) respectively
with the peroxonium ion (18) (step b), the amount of (15) remaining at the end of the
reaction was calculated (using a simple computer model which treats the reaction as
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to

106

sequential steps; convergence occurred within

104

steps) for different ratios of

kbtrans to kbcis. The observed and calculated amounts of final products were found to
agree within experimental error if kbtrans is set to 2kbds. This small difference in the
rate constants for the two isomers is considered to be compatible with the mechanism
proposed in Scheme 15.
Thus the hydrotrioxide mechanism (Scheme 15) can explain all the major
observations based on the production of oxygen and an average final product distribution
of 42% (15), 20% (16), 15% (17), 13% (26) and 10% (28). However, there were still
some problems, which are now discussed.
1)

The production of epoxyketone (28). This could either be caused by a small

amount of the radical mechanism shown in Scheme 11, or it could arise from an
alternative decomposition of the hydrotrioxide (38)c,t (Scheme 17).

H
I
H —O - 0 +- O

O

o

h 2o , + h +

o

O
H
(38)c,t

(28)
Scheme 17

The increased quantity of epoxyketone (28) generated when the reaction was
carried out in methanol-d4 (Table 1) would appear to indicate that the above reaction
(Scheme 17) is the more likely explanation for the formation of epoxyketone (28). It is
felt that this is so because in the case of the reactions of other electrophiles (see Table 2)
with hydroperoxide (1), the production of ketone (32), which was shown to arise by a
radical mechanism, ceased or was reduced on moving to a more polar solvent. Perhaps
the higher basicity of methanol-d4 renders the carbonyl-forming elimination (Scheme 17)
more competitive with the deoxygenation (Scheme 15 (c)).
2)

The lack of rate increase in the presence of acid. The rate of reaction was not

affected whether MCPBA/MCBA was present or not. Later a sample of separated
epoxyhydroperoxides (15) and (25) was exposed to 1.5 equivalents of acetic acid, a
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much stronger acid than MCPBA/MCBA, with no effect upon the rate of reaction. From
this it was concluded that the protonation part of step (a) is independent of carboxylic
acid. This suggests that the hydroperoxy group is responsible for protonation of the
epoxide, either by self protonation (Scheme 18 (a)) or via a peroxide dimer (Scheme 18
(b) or (c)), which would also possibly explain the preference of the peroxonium ion (18)
for another epoxyhydroperoxide as the nucleophile. Both of these equilibria processes
would be independent of the acid present in the solution.
OOH

OO-

(a)

o+
H

O
(15) or (25)

oo(b)

hA

o

(C) HOO

: o TH O„O
(15) or (25)

A

>

Q 5 )°r (25)

HOO

b+
H

::o ^h +

(15) or (25)
Scheme 18

In connection with the question of protonation of the epoxide, the formation of
rra/tf-epoxyhydroperoxide (25) in the MCPBA epoxidation indicates that the Bartlett
"butterfly" mechanism (chapter 1 , Scheme 7) operates thereby separating the proton
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from the epoxide. Otherwise one would expect to observe a far faster reaction with no
formation of the trans-epoxy hydroperoxide (25).
3)

The reaction of the epoxyhydroperoxides with /z-butyl hydroperoxide. It was

hoped with this reaction to see the production of w-butyl alcohol through the trapping of
the peroxonium ion (18) with the /i-butyl hydroperoxide. But this was not observed,
though peaks were seen in the 13C NMR spectrum which were consistent with the
formation of a hemi-peracetal. The decomposition of rra/ts-epoxyhydroperoxide (25)
was slowed considerably.

Conclusion

The above results support a peroxonium ion intermediate (18) being formed
followed by an 0

-0

bond forming step by reaction with the epoxyhydroperoxide

(Scheme 15).

Reaction of l-HydroperoxycycIo-oct-4-ene (1) with Other Electrophiles (except
Mercury(II) Salts)

l-Hydroperoxycyclo-oct-4-ene (1) was treated with a variety of electrophiles
(Es+-N8-) in different solvents; the reactions followed a general scheme (Scheme 19)
with the products being identified by 13C NMR spectroscopy and the results are shown in
Table 2.
As can be seen from Table 2, on shifting from dichloromethane-d2 to more polar
solvents such as methanol-d4 and pyridine-d5, the product ratios change as less or none at
all of ketone (32) is formed. However, the ratio of the [4.2.1] to the [3.3.1] ether
generally remains similar.
None of these reactions showed any evidence for formation of the products of
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OOH E-N

E

o

+

1= 0

+
y

(I)

E = Br (24)

E = Br (31)

E = I (33)

E = I(34)

(32)

Scheme 19
Table 2: Results of Reactions of Electrophiles with l-Hydroperoxycyclo-oct-4-ene

Reagent

Solvent

Products
[4.2.1] Ether

[3.3.1] Ether

Ketone (32)

MIS

c d 2c i 2

59% (24)

17% (31)

24%

MS

c d 2c i 2

53% (33)

12%

(34)

35%

Iodine

c d 2c i 2

62% (33)

26% (34)

12%

AcOBr

CD2 Cl2a

65% (24)

22% (31)

13%

MBS

CD3OD

74% (24)

26% (31)

_b

MS

CD3 OD

59% (33)

19% (34)

Iodine

C5 D5 N

84% (33)

16% (34)

MS + Inhib.

CD2 C12

76% (33)

24% @4)

_b

MBS

CCI4

58% (24)

19% (31)

23%

AcOBr

CCI4

74% (24)

26% (31)

_b

22%

_b

a. In a mixture containing carbon tetrachloride.
b. No cyclo-oct-4-en-l-one (32) detected by 13C NMR spectroscopy.
NOTE. All percentages in this table are based on peak heights of CH2 peaks
in 13C NMR spectra and are in mol%.
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oxygen transfer to the counterion, N‘ {cf. Scheme 7). The counterion products were
identified by 13C NMR spectroscopy as succinimide from N-bromosuccinimide (NBS)
and N-iodosuccinimide (MS) and acetic acid from bromine acetate (BrOAc). This
indicates that no oxygen transfer occurs either to the succinimide anion or to the acetate
anion. Even when conditions similar to those used by Eggelte
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were employed, the

isolated product had a melting point that closely matched that of succinimide as opposed
to Mhydroxysuccinimide.
All of these bicyclic ether formations were considerably faster than that observed
for the reaction with MCPBA. Most reactions were complete within 15 to 30 minutes,
the exceptions being iodine in pyridine which was slow and NBS or MS in methanol
where initial methanolysis products were observed (Scheme 20).
OOH

OOH

OOH

a) NBS, X = Br
M S, X = I

Scheme 20

Similar reactions with l-hydroperoxycyclo-oct-3-ene as the substrate all result in
the production of bicyclic[5.2.1]peroxides (see chapter 8 , Results and Discussion). This
indicates that, as with MCPBA, the reagents in Table 2 react with the 4-isomer (1) by a
different mechanism from that for the 3-isomer.
In the reactions with iodine in dichloromethane-d2 and bromine acetate in carbon
tetrachloride, evolution of a gas was observed. Given the stoichiometric loss of oxygen
between starting hydroperoxide (i) and the products, it seems reasonable to assume that
this gas was molecular oxygen.
The results would appear to be consistent with a hydrotrioxide mechanism
parallel to that proposed above for the reaction with MCPBA (Scheme 15). The principal
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difference in these cases is that there is no stable intermediate corresponding to the
epoxyhydroperoxides, and this probably accounts for the speed of these reactions. The
formation of the initial bromonium or iodonium ion intermediate (40) must be reversible
since the reaction goes to completion, as the cis-ion cannot react to form the products
and the reaction of hydroperoxide (1) with MCPBA indicates that the the two faces of
the double bond are attacked with roughly equal facility (Scheme 21).
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► E = Br (24) + (31)
E = I (33) + (34)

Scheme 21
The ion (40) is similar to the protonated epoxyhydroperoxide and undergoes

152

Chapter 6 Results and Discussion

intramolecular nucleophilic attack to produce the gem-dialkylperoxonium ion (43).
Intermolecular nucleophilic attack by hydroperoxide (1) yields bicyclic ethers and
protonated hydrotrioxide (41). The protonated hydrotrioxide (42) the undergoes
prototropic shift to give (42) followed by unimolecular decomposition to produce oxygen
plus alcohol (29). The alcohol reacts rapidily with the electrophile to produce
bicyclic[4.2.1] and [3.3. ljethers. Thus the overall reaction can be written as follows in
Scheme 22.

OOH

+ 2E-N

E ... /

------- ►
E

(I)

+ 0 2 + 2 NH

Scheme 22

The reactions of alcohol (29) with the electrophiles and solvents used in the
hydroperoxide reactions were studied independently. The reactions were of the general
form shown in Scheme 23 with the results given in Table 3.
Three of these reactions, iodine in chloroform, 122,125 iodine in methanol,
mercury(II) acetate in dichloromethane

120

121

and

had been studied before. The results shown in

Table 3 agree with the published results. The product ratios, with one exception, showed
that the kinetically preferred isomer, the [4.2.1] ether, was generally the major product
indicating that these reactions of alcohol (29) were generally under kinetic control, with
the one exception of chloroform-d. The reaction of the alcohol (29) with iodine in
dichloromethane-d2 which led to no identifiable products was probably radical and
similar results for reactions with iodine in dichloromethane have been noted by other
researchers. All of the reactions with alcohol (29) were fast, complete by the time (ca. 30
mins) the 13C NMR spectrum was recorded, bar for that of iodine in pyridine-ds.
If it is assumed that half the bicyclic ether products of Scheme 22 are derived
from the alcohol (29), then using the results in Table 3 subtracted from those in Table 2,
it is possible to show that the gem-dialkylperoxonium ions are formed in the ratio of
about 3:2 for [4.2.1]:[3.3.1], which is similar to the result in the MCPBA reaction.
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OH
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E = Br(24)

E = Br (31)

E = I (33)
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>—1
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W

(29)

E

E = HgOAc

E = HgOAc (2 2 )
Scheme 23

Table 3: The results of reactions of electrophiles with cyclo-oct-4-en-l-ol (29)

Reagent

Solvent

Products
[4.2.1] Ether

[3.3.1] Ether

NBS

CD2 C12

89% (24)

11% (31)

MS

c d 2c i2

91% (33)

9% (34)

Iodine

c d 2c i2

-

-

Iodine

CDC13

-

100%

Iodine

CD3 0 D

92% (33)

8%

Iodine

c 5d 5n

52% (33)

4% (34)

Hg(OAc) 2

c d 2c i 2

85% (22)

15% (21)

Other
_c
a

(34)

(34)

_b
-

44% (29)
_c

a. The reaction produced a mixture of unidentified products.
b. There were a number of unidentified minor products.
c. The final product included excess cyclo-oct-4-en-l-ol.
NOTE. All percentages in this table are based on peak heights of CH2 peaks
in 13C NMR spectra and are in mol%.
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The ketone (32) was also treated with the same reagents as hydroperoxide (1),
and with the exception of MCPBA, no reaction was observed with any of them over the
course of 3 days.
This leaves the large quantity of ketone (32) formed in some of these reactions
(Table 2) to be explained. The most likely cause of this appears to be radical reaction.
The reasons for drawing this conclusion are as follows.
1) As discussed earlier, the reaction of hydroperoxide (1) with radical initiators
such as di-f-butyl peroxyoxalate and di-f-butyl peroxide leads to the production of ketone
(32) in 3-fold excess over alcohol (29) (Scheme 14). This is possibly caused by the
mechanism shown in Scheme 14 (a).
2) The reaction with MS gives the largest yield of ketone (32). On the basis of
work carried out by Bloodworth and Curtis (1989)134 where M S was used for radical
cyclisation of peroxides, it seems that of the electrophiles used, M S is the most prone to
react via a radical route.
3) Polar solvents, methanol-d4 and pyridine-d5, generally suppressed the
formation of ketone. Such solvents should favour the polar peroxonium ion mechanism.
It is worth noting that in the case of MS the change to polar solvent did not completely
stop ketone production.
4) Finally, when a phenolic free radical chain inhibitor 23 was used with MS
there was no ketone produced.

Conclusion

The hydrotrioxide theory again seems the most likely explanation of the results
obtained above (Scheme 21). The only problem is that the reaction of hydroperoxide (1)
with iodine in dichloromethane-d2 appears too clean when compared with that of alcohol
(29), but this might be due to the oxygen evolved in the course of the reaction acting as a
radical trap.
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Reaction of l-HydroperoxycycIo-oct-4-ene (1) with Mercury(II) Acetate

The reaction was carried out in dichloromethane-d2 with ultrasonic mixing.
Under these conditions, the reaction was generally complete after 2 days, whereas there
was no sign of reaction in the absence of ultrasound. The main products were the
bicyclic peroxides (19) and (20) (Scheme 24), and it is noteworthy that a fair yield of the
[4.2.2] peroxide (20) was obtained.
OOH
Hg(OAc ) 2 M
CD2 C12
Ultrasound

O

V
HgOAc

(19)

(1)

69%

HgOAc HgOAc

HgOAc

HgOAc

(20)

(21)

(22)

(30)

17%

5%

3%

7%

Scheme 24
Formation of the bicyclic peroxide (30) was caused by there being some
l-hydroperoxycyclo-oct-3-ene impurity in the starting material (see chapter 8 , Results
and Discussion). The products of the reaction were confirmed by sodium borohydride
reduction to the known bicyclic peroxides and ethers (Scheme 25).
NaBH4
Scheme 24

►

v

Mixture

M

0°C
(44)
67%

(45)
20%

(46)
2%

(36)
4%

(37)
6%

Scheme 25
After anion exchange with aqueous potassium bromide, the mercurated [4.2.2]
and [3.3.2] bicyclic peroxides (19)Br and (20)Br were separated by semipreparative
HPLC and characterised by accurate mass spectrometry. Their mass ion peaks showed
the expected isotopic distribution (Figure 6 ).
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The formation of high yields of bicyclic peroxides with mercury(II) acetate is
completely at variance with the results for the reactions of all the other electrophiles with
hydroperoxide (1) as described earlier in the chapter. There seems no easy explanation
for this.
The results also paint a very different picture from that in the Introduction to this
chapter. This is almost certainly due to the absence of strong acid in the reactions
discussed above. But this still leaves the problem of explaining the results obtained by
Courtneidge

104

and Melvin . 106

Consequently, a sample of the peroxides produced in Scheme 24 was exposed,
intially to 1 equivalent, but after 2 weeks to an excess of trifluoroacetic acid. Over the
course of the 3 weeks, the mixture was converted into the [3.3.1] mercurial
trifluoroacetate bicyclic ether (13). This was confirmed by an ion exchange to the known
organomercury bromide (Scheme 26).120

KBr,(aq)

c f 3 c o 2h
Scheme 24
Mixture

►
C D 2C 12

o

O

vV

y V

H g0 2 CCF3

HgBr

(13)

(21)Br

Scheme 26
The reaction went considerably faster when an excess of trifluoroacetic acid was
used. It was felt that the process was slowed by ion exchange with the acetate on the
mercury. So the organomercury acetates (Scheme 24) were converted into
trifluoroacetates by treatment with trifluroacetic acid followed by pumping on a vacuum
line to remove the acetic acid. The resultant mixture of organomercury trifluoroacetates
(11) and (12) was converted over 4 days into the [3.3.1] ether (13) by exposure to 1
equivalent of trifluoroacetic acid (Scheme 27).
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Scheme 27
It would seem that the trifluoroacetatic acid is attacking the peroxides and
breaking open the peroxide bridge, which then reforms as the [3.3.1] ether which is the
most stable structure under these conditions. This could be achieved by a parallel
hydrotrioxide reaction (Scheme 21, where E= H g0 2 CCF3) which would also explain the
loss of oxygen.
Finally, hydroperoxide (1) was treated with trifluoroacetic acid, which over a
period of 11 days converted it to ketone (32) and the bicyclic ethers (16) and (17) plus
other products (Scheme 28).
OOH

O
CF3 C 0 2H
►

A
+

o
M.
OH

0)

(16)

A"O
V

+

OH

(ID

(32)

Scheme 28
These products could be the result of protonation of hydroperoxide (1) followed
by the loss of water as shown in Scheme 29.
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OOH

CF3 C 0 2H

0

A

O

OH
C16)
Scheme 29
Thus, the present results offer some explanation for Courtneidge’s and Melvin’s
results, since they show that under strong acid conditions the [3.3.1] ether (13) is
preferred and that the bicyclic ethers (16) and (17) could be formed from reaction of the
starting hydroperoxide with trifluoroacetic acid. However, all these processes are slow,
and unless there are unrecorded time delays in the previous work, they cannot provide a
wholly satifactory answer.

Conclusion

The reaction with mercury(II) acetate involves a v/cmtfZ-dialkylperoxonium ion
and not the geminal-isomeT favoured with other electrophiles. The reaction offers a
method for obtaining high yields of bicyclic peroxides and previous attempts at this seem
to have failed due the sensitivity of the system to strong acid media.
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Conclusion

The reactions of hydroperoxide (1) with electrophiles can be generally explained
by the gem-dialkylperoxonium ion hydrotrioxide reaction scheme. However, mercury(II)
acetate gives a completely different result, which possibly indicates that the mercurinium
ion formed in the reaction is considerably larger than the analogous bridged ions formed
with other electrophiles, thereby allowing the peroxide group to overcome the steric
contraints of the system and react to form bicyclic peroxides.
It should be noted that all the research in this chapter was benefitted by the
availability of a Varian VXR 400 NMR spectrometer with its greatly improved
sensitivity compared with the machines used by previous researchers.

161

Chapter 6 Experimental

Experimental

NOTE: Unless otherwise stated all ratios in this experimental section are based on CH2
peak heights in 13C NMR spectra.

Purification of m-Chloroperoxybenzoic Acid110

m-Chloroperoxybenzoic acid (Aldrich 80%:tech., 2 g, the other 20% being
m-chlorobenzoic acid) was placed in a sinter and washed with freshly made pH 7.5
phosphate buffer (4 x 20 ml) . 111 Each aliquot of the buffer was allowed to sit in the sinter
funnel before being sucked through under vacuum. The acid was then washed with water
(2 x 20 ml). The product was removed from the sinter and dried under vacuum (0.1
mmHg, over P 2 O 5 ). The recovery was 75% and the purified m-chloroperoxybenzoic acid
contained 8 8 % (average of 3 iodometric titrations) by weight of peroxide.

Iodometric Titration of Peroxides 112

Into a dry stoppered 150 ml Erlenmeyer flask was weighed a sample of
m-chloroperoxybenzoic acid (approx. 20 mg). The sample was then dissolved in
chloroform (2 ml). To this solution was added A.R. acetic acid (13 ml) and the solution
degassed by adding crushed solid carbon dioxide. After the solution reached room
temperature, sodium iodide (approx.

1

g) was added. The entire sample was diluted with

degassed water (45 ml) and placed in the dark for 5 minutes. The solution was titrated
with a standard sodium thiosulphate solution (0.01M) until near the end point. Starch
solution was then added and the sample titrated until the blue starch iodine colour had
just disappeared.
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Titrimetric Studies of the Reaction of l-Hydroperoxycyclo-oct-4-ene (1) with
m-Chloroperoxybenzoic acid

l-Hydroperoxycyclo-oct-4-ene (1) (56 mg, 0.38 mmol) was dissolved in
anhydrous dichloromethane (5 ml) in an oven dried 10 ml round bottomed flask fitted
with a small water condenser under nitrogen. The reaction vessel was placed in an ice
bath and m-chloroperoxybenzoic acid (8 8 %, 102 mg, 0.59 mmol) was added to the
stirred solution in one portion. After 10 minutes the ice bath was removed and the
mixture allowed to reach room temperature. The mixture was stirred for 17 hours. The
mixture was then dissolved in ^-heptane

(1 0

ml), after which the dichloromethane was

o

removed under reduced pressure at 0 C. The resulting suspension was filtered on a sinter
funnel and washed with ^-heptane (10 ml). The solid was washed with pH 7.5 buffer (3 x
2 ml) 111 and dried under vacuum (0.1 mmHg). White solid (100 mg) was recovered but
iodometric titration showed that no peroxide was present.
The experiment was repeated but the product was not washed with the buffer.
The results of the iodometric titrations were as follows;
- White solid not soluble in w-heptane = 50 mg; 4% peroxide
o

- White solid filtered from ^-heptane after standing overnight at -30 C = 23 mg; 23%
peroxide
- Residue from ^-heptane after removal of solvent = 18 mg; 69% peroxide
- Total weight recovered = 91 mg; 22% peroxide
All the percentages of peroxide were calculated using the relative molar mass of
m-chloroperoxybenzoic acid. The figure from the residue after removal of the /i-heptane
would also include c/s-epoxyhydroperoxide (15).
A blank experiment was carried out with m-chloroperoxybenzoic acid (106 mg,
8 8 %)

using the above conditions without any hydroperoxide (1) present The buffer wash

was not used. The results of the iodometric titrations were as follows.
- White solid not soluble in ^-heptane = 62 mg; 82% peroxide
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- White solid not soluble in ^-heptane at -30 C = 26 mg; 62% peroxide
- Residue from n-heptane after removal of solvent = 14 mg; 72% peroxide

The total recovery was 96% with a content of 76% m-chloroperoxybenzoic acid.

NMR Studies of the Reaction of l-HydroperoxycycIo-oct-4-ene (1) with
m-Chloroperoxybenzoic acid

l-Hydroperoxycyclo-oct-4-ene (1) (61 mg, 0.43 mmol) was dissolved in
dichloromethane-d 2 (1 ml). The mixture was then pipetted into a flask containing
m-chloroperoxybenzoic acid (93 mg,

8 8 %,

0.47 mmol). The m-chloroperoxybenzoic acid

dissolved and the solution was placed in a 5 mm NMR tube. The reaction was then
studied by 13C NMR (100 MHz) spectroscopy. Spectra of 20 minutes accumulation time
were taken every hour in an overnight run. The initial spectrum showed that most of the
peracid had been consumed, with large peaks evident for m-chlorobenzoic acid. There
were 2 products with peaks in the region 90-15 ppm, which were identified as
cw-4,5-epoxy-1-hydroperoxycyclo-octane (15) and
frattS-4,5-epoxy- 1 -hydroperoxycyclo-octane (25) in the molar ratio of 57% (15) and 43%
(25). Overnight the signals for (25) decreased with no noticable change in the peak
heights of m-chloroperoxybenzoic acid. However peaks appeared for
emfo-9-oxabicyclo[4.2.1]nonan-2-ol (16), em2o-9-oxabicyclo[3.3.1]nonan-2-ol (17) and
4,5-epoxycyclo-octan-l-one (28). According to the 13C NMR spectrum after the
overnight run, the molar ratio was 49% (15), 18% (25), 11% (16), 13% (17) and 8 % (28).
Overnight the m-chlorobenzoic acid had came out of solution as a white precipitate.
The experiment was repeated twice using hydroperoxide (1) (contaminated with
approximately 14% cyclo-oct-4-en-l-ol (29)). Extra peaks were found in the spectra for
cis-4,5-epoxycyclo-octan-l-ol (26). The molar ratios of initial products were for the 2nd
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experiment 59% (15) and 41% (25), and for the 3rd experiment 54% (15) and 46% (25).
o

It was found that the initial products were stable for a period of several days at -30 C.
The molar ratios of products on standing at room temperature were for the 2nd
experiment, after 1 day, 38% Q5), 19% (25), 12% (16), 11% (17), 13% (26) and 7%
(28); and for the 3rd experiment, after 2 j days, 37% (15), 8 % (25), 17% (16), 16% (17),
14% (26) and 8 % (28). Again no peak height changes were noted in the peaks assigned
to MCPBA.

Initial 13C NMR (100 MHz, CD2 C12), in a mixture containing MCPBA and MCBA ppm;
assigned to ds-4,5-epoxy-1-hydroperoxycyclo-octane (15), 86.93 (CHOOH), 55.77
(CHO), 55.69 (CHO), 32.92, 29.12, 28.48, 24.13,22.55.
assigned to rra ^ -4 , 5 -epoxy- 1 -hydroperoxycyclo-octane (25), 86.93 (CHOOH), 55.92
(CHO), 55.60 (CHO), 31.87, 29.79, 24.71,24.53,22.93.
New peaks in final 13C NMR (100 MHz, CD2 C12), in a mixture containing MCPBA and
MCBA ppm; assigned to e/ido-9-oxabicyclo[4.2.1]nonan-2-ol (16), 81.25 (CHO), 76.60
(CHO), 72.85 (CHO), 35.71, 33.71, 32.76, 23.21, 19.20.
assigned to ertdo-9-oxabicyclo[3.3.1]nonan-2-ol (17). 70.39 (CHO), 69.37 (CHO), 66.63
(CHO), 29.33, 29.31, 28.69, 22.51,18.82.
assigned to ds-4,5-epoxycyclo-octan- l-ol (26), 73.30 (CHOH), 55.41 (CHO), 37.74,
33.86,28.89, 23.65,22.83, +1C.
assigned to 4,5-epoxycyclo-octan-l-one (28), 41.83,40.53, 28.43, 22.64, +4C.

The products of the final experiment were separated using low temperature
column chromatography (neutral alumina, approx. Brockmann grade ID 97 - 5% water
o

added; dichloromethane; -30 C). The products stuck to the column. The column was
stripped with dichloromethane (500ml) and the solvent was removed under reduced
pressure. The strippings according to their 13C NMR spectrum contained
epoxyhydroperoxide (15) and the bicyclic ethers (16) and (17), but no
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m-chloroperoxybenzoic or m-chlorobenzoic acid.

Reaction in Methanol-d/i
l-Hydroperoxycyclo-oct-4-ene (1) (50 mg, 0.35 mmol) was dissolved in
methanol-d4 (1 ml). The mixture was then pipetted into a flask containing
m-chloroperoxybenzoic acid (84 mg, 80%, 0.39 mmol). The m-chloroperoxybenzoic acid
dissolved and the solution was placed in a 5 mm NMR tube. The initial 13C NMR
spectrum taken 30 minutes after mixing showed that epoxidation was not complete. A
further 13C NMR spectra taken 2 hours after mixing showed that all the hydroperoxide
(1) had reacted to produce the two epoxyhydroperoxides (15) and (25) in a molar ratio of
56% (15) and 44% (25). Over 17 days at room temperature all the
fratts-epoxyhydroperoxide (25) reacted but there was no noticable change in the peak
heights of m-chloroperoxybenzoic acid. The usual products seen above were formed, the
final molar ratio of the products was 43% (15), 20% (16), 16% (17), 5% (26) and 16%
(28). All the products of the reaction remained in solution.

Initial 13C NMR (100 MHz, CD3 OD), in a mixture containing MCPBA and MCBA ppm;
assigned to cw-4,5-epoxy-l-hydroperoxycyclo-octane (15), 87.13 (CHOOH), 56.33 (2C,
CHO), 33.58,29.75,29.25,24.72, 23.16.
assigned to rra/w-4,5 -epoxy- 1 -hydroperoxycyclo-octane (25), 87.07 (CHOOH), 56.47
(CHO), 56.21 (CHO), 32.58, 30.53, 25.39,25.17, 23.58.
New peaks in final 13C NMR (100 MHz, CD3 OD), in a mixture containing MCPBA and
MCBA ppm; assigned to emfo-9-oxabicyclo[4.2.1]nonan-2-ol (16), 82.65 (CHO), 77.71
(CHO), 73.41 (CHO), 36.61, 34.50, 33.25, 23.97, 20.18.
assigned to emfo-9-oxabicyclo[3.3.1]nonan-2-ol (17), 71.89 (CHO), 69.82 (CHO), 67.93
(CHO), 30.23, 30.17, 29.42,23.34,19.67.
assigned to ris-4,5-epoxycycIo-octan-l-ol (26), 38.54, 34.34, 29.58, 24.56, +4C.
assigned to 4,5-epoxycyclo-octan-l-one (28), 56.46 (CHO), 56.43 (CHO), 42.42, 41.07,
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29.20, 24.73,23.50, +1C.

The 13C NMR data for the known compounds were consistent with those reported
in the literature for ris-epoxyhydroperoxide (15),113 the bicyclic ethers (16) and (17)114
and ds-epoxyalcohol (26).115 The assignments for epoxyketone (28) were made on the
basis of a separate synthesis reported later in this chapter.

Separation of the Epoxyhydroperoxides (15) and (25) and Their Subsequent
Reaction

l-Hydroperoxycyclo-oct-4-ene (!) (61 mg, 0.43 mmol, containing 14% alcohol
(29)) was dissolved in dichloromethane (1 ml) and added to m-chloroperoxybenzoic acid
(8 8 %, 94 mg, 0.47 mmol). When all the acid had dissolved, the solution was left for 5
minutes, after which the m-chlorobenzoic acid had precipitated. The reaction mixture
was placed on a low temperature column (lOg neutral alumina, approx. Brockmann
Grade HI 97 - 5% water added; dichloromethane; -30°C). The initial 20 fractions (approx.
5 ml each) were discarded after checking by TLC (peroxide test). The column was then
stripped with dichloromethane (500 ml). The strippings were combined and the solvent
removed under reduced pressure. The 13C NMR spectrum confirmed that only
epoxyhydroperoxides (15) and (25) were present with a little ds-epoxyalcohol (26). The
yield of epoxyhydroperoxides was 79%.
The epoxyhydroperoxides (15) and (25), thus produced, were dissolved in
dichloromethane-d2 (1 ml). The sample was placed in a 5 mm NMR tube and left at
room temperature for 4 days. The 13C NMR spectrum showed ds-epoxyhydroperoxide
(15) present but none of the fra/w-isomer (25). The spectrum also showed the other
products produced in the earlier reactions. The molar ratio of the products was 42% (15),
20% (16), 15% (17), 13% (26) and 9% (28).

Chapter 6 Experimental

167

13C NMR (100 MHz, CD2C\2) ppm;
assigned to ris-4,5-epoxy-l-hydroperoxycyclo-octane (15), 86.59 (CHOOH), 54.89
(CHO), 54.85 (CHO), 32.75, 29.05,28.32, 23.98,22.43.
assigned to e/!do-9-oxabicyclo[4.2.1]nonan-2-ol (16), 81.36 (CHO), 76.38 (CHO), 72.74
(CHO), 35.91, 33.81, 33.08,23.24,19.26.
assigned to e/idd-9-oxabicyclo[3.3.1]nonan-2-ol (17), 70.38 (CHO), 69.40 (CHO), 66.35
(CHO), 29.47,29.45, 28.81, 22.57,18.97.
assigned to ds-4,5-epoxycyclo-octan - 1 -ol (26), 72.91 (CHOH), 55.03 (CHO), 54.96
(CHO), 37.95, 34.19, 29.24, 23.71, 22.96.
assigned to 4,5-epoxycyclo-octan-l-one (28), 55.24 (CHO), 55.19 (CHO), 41.88,40.53,
28.52, 23.93,22.72, +1C.

The 13C NMR data for the known compounds were consistent with those reported
in the literature for cw-epoxyhydroperoxide (15),113 the bicyclic ethers (16) and (17)114
and ris-epoxyalcohol (26).115 The assignments for epoxyketone (28) were made on the
basis of a separate synthesis reported later in this chapter.
Further repeats of this reaction using hydroperoxide (i), produced by the
thiohydroxamate route (chapter 5, Scheme 4), led to a separated mixture that contained
c/s-epoxyhydroperoxide (15) with none of the trans-isomer (25) but rather the reaction
products described above. In subsequent work with the thiohydroxamate derived
hydroperoxide, the following modifications were made but did not alter the results. 1 .
Freshly purified m-chloroperoxybenzoic acid was used. 2. All glassware used had been
soaked in sodium EDTA for two weeks. Initial spectra of these reaction mixtures showed
that all the rra/w-epoxyhydroperoxide (25) had reacted. Therefore it was concluded that
the problem was due to the reactants. So the reaction was repeated using fresh
hydroperoxide (i), not produced using commercial thiol and fresh
m-chloroperoxybenzoic acid. But the initial 13C NMR spectrum again showed that all the
fra/tf-epoxyhydroperoxide (15) had reacted.
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Raman Study of the Reaction of Epoxyhydroperoxides (15) and (25)

A mixture of the epoxyhydroperoxides (15) and (25) (44 mg, 0.28 mmol,
produced by the method described above) was dissolved in dichloromethane-d2

(1

ml).

The solution was then placed in a 5 mm NMR tube, the tube was degassed with nitrogen
using 3 freeze thaw cycles (liq. N2, 0.05 mmHg). The NMR tube was then sealed under
nitrogen (0.1 torr, ca 0.2 torr, see below). The tube was kept overnight in liquid nitrogen.
The initial 13C NMR (Figure 3(a) and 4(a)) and Raman (Figure 5(a)) spectra were then
taken. The 13C NMR spectrum showed that both the epoxyhydroperoxides (15) and (25)
were formed in the molar ratio 58% (15) and 42% (25). The Raman spectrum confirmed
that the starting atmosphere of the sealed NMR tube contained only nitrogen. The
sample was then allowed to stand at room temperature for 16 days. After this period it
was found by 13C NMR spectroscopy that the all the rra/u-epoxyhydroperoxide (25) had
reacted (Figures 3 (b) and 4 (b)). The final molar ratio of the products was 56% (15),
20% (16), 14% (17), 5% (26) and 4% (28). The final Raman spectrum (Figure 5(b))
showed that the atmosphere in the tube contained nitrogen and oxygen. The ratio of the
peak intensities of the nitrogen to oxygen peaks (95 cm ' 1 0 2, 92 cm ' 1 N2) was 2:5
compared with 5:4 for atmospheric air (Figure 7), from which it was concluded that the
atmosphere in the tube contained approximately 40% oxygen corresponding to a partial
pressure of ca. 0.13 torr of oxygen. The top of the sealed tube was carefully sliced off
and the volume of gas above the sample was found to be 2 . 2 ml, by injecting acetone
from a graduated syringe. The theroretical yield of oxygen based on reaction Scheme 15
and hence the final partial pressure of oxygen were calculated as follows.

Moles of starting epoxyhydroperoxides = 0.28 mmol.
42% of c/s-epoxyhydroperoxide left.
=> No. of moles consumed = 0.16 mmol.
Therefore moles of oxygen expected = 0.08 mmol.
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1 mmol = 22.4 ml at STP (1 torr, 273 K).
Temperature for Raman spectrum = approximately 300 K.
=> 0.08 mmol = 2 . 0 ml.
In a volume of 2.2 ml = 0.9 torr.
Found = 0.13 torr (14%)

Therefore according to the calculations the atmosphere in the tube contained only
£ of the expected oxygen, but no account has been taken of the differential solubilities of
oxygen or nitrogen in dichloromethane-d2. However, the answer is of the right order of
magnitude.

Initial 13C NMR (100 MHz, CD2 C12) ppm;
assigned to cw-4,5-epoxy-1-hydroperoxycyclo-octane (15), 86.64 (CHOOH), 55.02
(CHO), 54.97 (CHO), 32.72,29.00,28.28, 23.95,22.38.
rra/w-4,5-epoxy-l-hydroperoxycyclo-octane (25), 86.59 (CHOOH), 55.12 (CHO), 54.82
(CHO), 31.64,29.62, 24.60, 24.35, 22.77.
Final 13C NMR (100 MHz, C D ^ y ppm;
assigned to cw-4,5-epoxy-l-hydroperoxycyclo-octane (15), 86.53 (CHOOH), 54.96
(CHO), 54.91 (CHO), 32.75,29.03,28.32, 23.97, 22.42.
assigned to endo-9-oxabicyclo[4.2.1]nonan-2-ol (16), 81.36 (CHO), 76.42 (CHO), 72.87
(CHO), 35.87, 33.79, 33.02, 23.23,19.25.
assigned to emfo-9-oxabicyclo[3.3.1]nonan-2-ol (17), 70.40 (CHO), 69.37 (CHO), 66.40
(CHO), 29.44 (2C), 29.17, 22.56,18.94.
assigned to cw-4,5-epoxycyclo-octan-l-ol (26), 55.08 (CHO), 55.00 (CHO), 28.79, +5C.
assigned to 4,5-epoxycyclo-octan-l-one (28), 55.05 (CHO), 42.22, 28.50, 23.70, +4C.

Initial Raman spectrum about an excitation line of 515.5 nm, wavenumber cm '1;
assigned to nitrogen, 44.0, 52.4, 60.4, 68.4,76.2, 84.7,92.3,100.4, 108.3, 116.0,124.2,
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132.0,140.0
Final Raman spectrum about an excitation line of 515.5 nm, wavenumber cm '1;
assigned to nitrogen, 44.7,52.6, 61.1, 68.5,76.5, 84.3, 92.3,100.4,107.1, 116.3,124.2,
132.2, 140.1,148.1,156.1.
assigned to oxygen, 38.1,49.6, 61.1,72.7, 84.3,95.7,107.1,118.5,129.9, 140.1,152.9.

In an earlier attempt at this experiment it was discovered that the NMR tube had
not been properly sealed and air had leaked in before final sealing. The pressure in the
NMR tube at the start of the experiment was slightly above atmospheric pressure.
However the initial molar ratio of epoxyhydroperoxides for this experiment was 56%
(15) and 44% (25) and the final molar ratio of products was 41% (15), 21% (16), 15%
(17), 5% (26) and 18% (28). A further experiment in which the NMR tube was properly
sealed with a nitrogen atmosphere at slightly above atmospheric pressure showed that
oxygen was evolved in the above experiment. The initial molar ratio of the
expoxyhydroperoxides for this experiment was 55% (15) and 45% (25). The final molar
ratio of the products was 44% (15), 19% (16), 17% (17), 6 % (26) and 14% (28). The
excess pressure in these experiments seemed to alter the ratio of products formed which
led to the above experiment being conducted at reduced pressure.
Three tubes of nitrogen were sealed at 0.01,0.1 and 0.5 torr and after study by
Raman spectroscopy it was found that the lowest observable pressure of nitrogen was 0.1
torr. A further 3 tubes were filled at the same pressures but containing frozen
dichloromethane (1 ml, liq. N2). The Raman spectra of these tubes showed a doubling of
the nitrogen line intensities, therefore it was concluded that this method doubled the
pressure of nitrogen sealed in the tube.
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Reaction of Epoxyhydroperoxides (15) and (25) with Acetic Acid

A mixture of the separated epoxyhydroperoxides (15) and (25) (38 mg, 0.24
mmol), produced by the method described above, was dissolved in dichloromethane-d2
(1 ml). The solution was added to acetic acid (7 mg, 0.12 mmol) and the reaction mixture
placed in a 5mm NMR tube. The 13C NMR spectrum of the mixture showed no
immediate reaction. The tube was stored at -30°C for a week and the 13C NMR spectrum
was unchanged.
Further acetic acid (14 mg, 0.24 mmol) was added to the solution. But the 13C
NMR spectrum showed no appreciable change.

Reaction of Epoxyhydroperoxides (15) and (25) with a Singlet Oxygen Trap

A mixture of the separated epoxyhydroperoxides (15) and (25) (42 mg, 0.27
mmol), produced by the method described above, was dissolved in dichloromethane-d2
(1 ml). The solution was added to 1,3-diphenylisobenzofuran (40 mg, 0.14 mmol) and
the reaction mixture placed in a 5 mm NMR tube. The NMR tube was sealed with Nesco
film, wrapped in aluminium foil and placed in a sealed cardboard tube. The tube was left
for 3 days at room temperature. The 13C NMR spectrum then showed that all the
epoxyhydroperoxides (15) and (25) had reacted. The products of the reaction were the
bicyclic ethers (16) and (17), epoxyalcohol (26) and epoxyketone (28). The final molar
ratio of the products was 46% (26), 24% (16), 12% (17) and 23% (28). The spectrum
also showed that about half of the isobenzofuran had been converted to
1 ,2 -dibenzoylbenzene.

13C NMR (100 MHz, CD2 C12) ppm;
assigned to ewdo-9-oxabicyclo[4.2.1]nonan-2-ol (16), 81.38 (CHO), 76.33 (CHO), 72.62
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(CHO), 35.93, 33.83, 33.07,23.26,19.28.
assigned to e/ido-9-oxabicyclo[3.3.1]nonan-2-ol (17), 29.46 (2C), 29.23, 22.62, +4C.
assigned to cis-4,5-epoxycyclo-octan-l-ol (26), 72.85 (CHOH), 55.01 (CHO), 54.95
(CHO), 37.94, 34.17, 28.82, 23.71, 22.97.
assigned to 4,5-epoxycyclo-octan-l-one (28), 55.22 (CHO), 55.17 (CHO), 41.87,40.67,
28.51,23.92, 22.73, +1C.
assigned to 1,2-dibenzoylbenzene, 196.55,140.10,137.36,133.15,130.56,129.85,
128.51.
assigned to 1,3-diphenylisobenzofuran, 131.73, 129.13, 127.12, 125.42,124.87,122.26,
120.26 +1C.

The 13C NMR data for the known compounds were consistent with those reported
in the literature for the bicyclic ethers (16) and (1 7 )114 and ds-epoxyalcohol (26).115
The assignments for epoxyketone (28) were made on the basis of a separate synthesis
reported later in this chapter. The assignments for 1,2-dibenzoylbenzene and
1,3-diphenylisobenzofuran were made on the basis of the spectra of authentic samples in
dichloromethane-d 2 (see Appendix 2).

Reaction of Epoxyhydroperoxide (15) with a Singlet Oxygen Trap

A mixture containing ds-epoxyhydroperoxide (15) (approx. 21 mg (15), 0.13
mmol), with ds-epoxyalcohol (26), the bicyclic ethers (16) and (17) and epoxyketone
(28), was produced in which the molar ratio of the components was 25% (15), 11% (26),
21% (16), 14% (17) and 29 % (28). The mixture was dissolved in dichloromethane-d2 (1
ml). The solution was added to 1,3-diphenylisobenzofuran (36 mg, 0.13 mmol). After
approximately 4 hours the 13C NMR spectrum showed that a substantial amount of the
ds-epoxyhydroperoxide (15) had reacted to give ds-epoxyalcohol (26). After 11 days all
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the cw-epoxyhydroperoxide (15) had reacted. The final molar ratio of products was 22%
(26). 21% (16). 14% (17) and 44% (28). The spectrum also showed that all of the
isobenzofuran had been converted to 1 ,2 -dibenzoylbenzene or other unidentified
products.

Final 13C NMR (100 MHz, CD 2 CI2 ) ppm;
assigned to end0 -9 -oxabicyclo[4 .2 . 1 ]nonan-2 -ol (16). 81.35 (CHO), 76.32 (CHO), 72.86
(CHO), 35.91, 33.81, 33.06, 23.24, 19.26.
assigned to e/ttfo-9-oxabicyclo[3.3.1]nonan-2-ol (17). 70.36 (CHO), 69.34 (CHO), 66.29
(CHO), 29.85 (2C), 29.22, 22.56, 18.98.
assigned to ds-4,5-epoxycyclo-octan-1-ol (26), 72.65 (CHOH), 54.99 (CHO), 54.92
(CHO), 37.93, 34.17, 28.81,23.70, 22.96.
assigned to 4,5-epoxycyclo-octan-l-one (28), 214.79 (0= 0), 55.20 (CHO), 55.16 (CHO),
41.86,40.50,28.50,23.91,22.71.
assigned to 1,2-dibenzoylbenzene, 196.52,140.08,137.35,133.14,130.55, 129.84,
128.50

The 13C NMR data for the known compounds was consistent with those reported
in the literature for the bicyclic ethers (16) and (1 7 )114 and ds-epoxyalcohol (26).115
The assignments for epoxyketone (28) were made on the basis of a separate synthesis
reported later in this chapter. The assignments for 1,2-dibenzoylbenzene were made on
the basis of the spectrum of an authentic sample in dichloromethane-d2 (see Appendix

2).

Reaction of Epoxyhydroperoxides (15) and (25) with n-Butyl Hydroperoxide

A mixture of the separated epoxyhydroperoxides (15) and (25) (35 mg, 0.22
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mmol), produced by the method described above, was dissolved in dichloromethane-d2
(1 ml). The initial molar ratio of the epoxyhydroperoxides was 55% (15) and 45% (25).
The solution was added to n-butyl hydroperoxide (80 mg, 0.66 mmol) and the reaction
mixture placed in a 5 mm NMR tube. The tube was left for 3 days at room temperature.
The 13C NMR spectrum then showed that no reaction had taken place and the molar ratio
of the epoxyhydroperoxides was unchanged. After 17 days the epoxyhydroperoxides
were substantially unreacted their molar ratio being 60% (15) and 40% (25) though
peaks for the bicyclic[4.2.1]ether (16) were visible. After 8 weeks the reaction was found
to be complete. The molar ratio of the final products was 41% (15), 17% (16), 19% (17),
6%

(26) and 16% (28). There were also a number of unassigned peaks which were

tentatively suggested to be a butyl hemiperacetal.

13C NMR (100 MHz, CD2 C12) ppm;
assigned to cti-4,5-epoxy-1-hydroperoxycyclo-octane (15), 86.58 (CHOOH), 55.26
(CHO), 55.20 (CHO), 32.71, 28.94, 28.27, 23.92, 22.35.
assigned to emfo-9-oxabicyclo[4.2.1]nonan-2-ol (16), 81.33 (CHO), 76.64 (CHO), 72.87
(CHO), 35.74, 33.73, 32.81,23.21,19.19.
assigned to e/ido-9-oxabicyclo[3.3.1]nonan-2-ol (17), 70.47 (CHO), 69.40 (CHO),

6 6 .6 6

(CHO), 29.36, 29.34, 28.94, 22.52,18.84.
assigned to cw-4,5-epoxycyclo-octan-l-ol (26), 37.81,28.71,23.67, +5C.
assigned to 4,5-epoxycyclo-octan-l-one (28), 55.49 (CHO), 55.40 (CHO), 41.85,40.56,
28.43, 23.92, 22.63, +1C.
unassigned peaks, 100.02,74.88, 35.29, 19.41,18.03.
assigned to n-butyl hydroperoxide, 76.95, 29.82,19.31,13.82.

The 13C NMR data for the known compounds were consistent with those reported
in the literature for c/s-epoxyhydroperoxide (15),113 the bicyclic ethers (16) and (1 7 )114
and ds-epoxyalcohol (26).115 The assignments for epoxyketone (28) were made on the
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basis of a separate synthesis reported later in this chapter. The assignments for n-butyl
hydroperoxide were made on the basis of the spectrum of an authentic sample (see
chapter 2, Experimental).

NMR Studies of the Reactions of l-HydroperoxycycIo-oct-4-ene (1) with
Electrophiles

l-Hydroperoxycyclo-oct-4-ene (1) (50 mg, 0.35 mmol) was dissolved in
deuterated solvent (1 ml). The solution was added to the reactant (0.35 mmol). The
reaction mixture was placed in a 5 mm NMR tube and a 13C NMR spectrum taken as
soon as possible after mixing.
The yields of the products, based on 13C NMR peak heights, are given in Table 2.
The spectroscopic data, experimental data and variations are listed below.

Reaction with N-Bromosuccinimide in Dichloromethane-do
Not all the N-bromosuccinimide/succinimide was dissolved in solution. The 13C
NMR spectrum showed that the reaction was complete after 1 hour and no
hydroperoxide (1) was left. The spectrum showed that unreacted N-bromosuccinimide
was left in solution, but the rest of it had been converted to succinimide.

13C NMR (100 MHz, CD2 C12) ppm;
assigned to fra/ty-2-bromo-9-oxabicyclo[4.2.1]nonane (24), 82.07 (CHO), 76.68 (CHO),
54.15 (CHBr), 35.42, 35.13, 34.82, 24.45, 23.01.
assigned to fra/w-2-bromo-9-oxabicyclo[3.3.1]nonane (31), 70.33 (CHO), 66.38 (CHO),
52.45 (CHBr), 32.06, 31.41, 29.09, 24.16,18.55.
assigned to cyclo-oct-4-en-l-one (32), 214.61 (C=0), 130.84 (-CH=), 130.49 (-CH=),
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47.31,40.39, 26.45, 23.90, 21.88.
assigned to N-bromosuccinimide, 173.64 (C=0), 28.67 (CH^.
assigned to succinimide, 178.21 (C=0), 29.75 (CH2).

Reaction with N-Iodosuccinimide in Dichloromethane-dp
The solution went purple on the addition of N-iodosuccinimide. Not all the
N-iodosuccinimide/succinimide was dissolved in solution. The 13C NMR spectrum
showed that the reaction was complete after

10

minutes and no hydroperoxide (1 ) was

left. The spectrum showed that unreacted N-iodosuccinimide was left in solution but the
rest had been converted to succinimide.

13C NMR (100 MHz, CD2 C12) ppm;
assigned to rr<ms-2-iodo-9-oxabicyclo[4.2.1]nonane (33), 83.62d (CHO), 77.3Id (CHO),
37.26t, 36.3 Id (CHI), 35.50t (2C), 25.53t, 25.37t.
assigned to fraws-2-iodo-9-oxabicyclo[3.3.1]nonane (34), 71.30d (CHO), 66.80d (CHO),
33.17t (2C), 32.13d (CHI), 29.03t, 25.46t, 18.50t.
assigned to cyclo-oct-4-en-l-one (32), 214.94 (C=0), 130.87 (-CH=), 130.48 (-CH=),
47.33, 40.43, 26.44, 24.18, 21.87.
assigned to N-iodosuccinimide, 178.43 (0=0), 29.52 (CH2).
assigned to succinimide, 178.94 (C=0), 29.78 (CH2).

Reaction with Iodine in Dichloromethane-d?
The reaction mixture went dark purple/brown and a considerable quantity of gas
was evolved, on addition to the iodine. The 13C NMR spectrum showed that the reaction
was complete after

1

hour and no hydroperoxide Q) was left.

13C NMR (100 MHz, CD2 C12) ppm;
assigned to tra«s-2-iodo-9-oxabicyclo[4.2.1]nonane (33), 83.49 (CHO), 77.11 (CHO),
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37.32, 36.91 (CHI), 35.62, 35.59, 25.59, 25.43.
assigned to rra/tf-2-iodo-9-oxabicyclo[3.3.1]nonane (34), 71.13 (CHO), 66.52 (CHO),
33.32, 33.29, 32.83 (CHI), 29.13,25.53,18.63.
assigned to cyclo-oct-4-en-l-one (32), 130.94 (-CH=), 130.55 (-CH=), 47.37,40.45,
26.50,24.20,21.94, +1C.

Reaction with Bromine Acetate in Pichloromethane-d 7
The bromine acetate was produced by the literature

123

synthesis using silver

acetate and bromine. The dichloromethane-d2 solution was added to bromine acetate
solution (0.16 ml, CCI4 ). The 13C NMR spectrum showed that the reaction was
incomplete after 1 hour with hydroperoxide (1) still being left. The reaction mixture was
then placed in a foil wrapped, round bottomed flask and further bromine acetate solution
(1 ml, CCI4 ) added. The solution was stirred for 3 hours, over which time the solution
lost its purple colour. The solvent was then removed under reduced pressure, the product
dissolved in dichloromethane-d2 and a 13C NMR spectrum taken. The spectrum showed
that the reaction was complete.

13C NMR (100 MHz, CD2 C12) ppm;
assigned to frartS-2-bromo-9-oxabicyclo[4.2.1]nonane (24), 82.16 (CHO), 76.71 (CHO),
55.03 (CHBr), 35.55, 35.24, 34.94, 24.53,23.11.
assigned to fra/z.y-2-bromo-9-oxabicyclo[3.3.1]nonane (31), 70.41 (CHO), 66.40 (CHO),
52.59 (CHBr), 32.18, 31.53, 29.20,23.99,18.67.
assigned to cyclo-oct-4-en-l-one (32), 130.91 (-CH=), 130.56 (-CH=), 47.40,40.46,
26.53, 24.24, 21.99, +1C.

Reaction with A-Bromosuccinimide in Methanol-d/i
All the N-bromosuccinimide/succinimide was in solution in this reaction. The
13C NMR spectrum showed that all the hydroperoxide (1) had been consumed but extra
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signals were observed in the spectrum which were thought to be caused by initial
methanolysis products. The solution was left to stand for 12 days after which time the
methanolysis products had disappeared and only the peaks for the bicyclic ethers (24)
and (31) were seen. The spectrum also showed that all the N-bromosuccinimide had
reacted to form succinimide. This was confirmed later as the sample was spiked with
authentic A-hydroxysuccinimide and new peaks were observed in the 13C NMR
spectrum.

13C NMR (100 MHz, CD3 OD) ppm;
assigned to rra/tt-2-bromo-9-oxabicyclo[4.2.1]nonane (24), 82.36 (CHO), 77.96 (CHO),
55.12 (CHBr), 36.26, 36.13, 35.57, 25.25,23.92.
assigned to rra«j-2-bromo-9-oxabicyclo[3.3.1]nonane (31), 71.70 (CHO), 67.82 (CHO),
52.65 (CHBr), 32.80, 32.40,29.97, 24.88, 19.40.
assigned to methanolysis products, 87.14, 87.09,56.45,56.31, 35.61, 33.61, 32.61,
31.28, 29.80, 29.27, 26.32, 25.41, 25.17, 24.77,23.63,23.18.
assigned to N-bromosuccinimide, 177.27 (C=0), 29.64 (CH 2).
assigned to succinimide, 181.51 (C=0), 30.55 (CH2).
extra peaks on adding N-hydroxysuccinimide, 174.93 (C=0), 26.26 (CH2).

Reaction with iV-Iodosuccinimide in Methanol-d/f
The solution went purple on the addition of N-iodosuccinimide. All the
A-iodosuccinimide/succinimide was dissolved in solution. The 13C NMR spectrum
showed an initial methanolysis product as well. The spectrum showed that unreacted
A-iodosuccinimide was left in solution but the rest had been converted to succinimide.
But on standing for 9 days the sample had degenerated into many products none of
which was identifiable and noticably no cyclo-oct-4-en-l-one (32) was left.
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13C NMR (100 MHz, CD3 OD) ppm;
assigned to frajw-2-iodo-9-oxabicyclo[4.2. 1 ]nonane (33), 84.79 (CHO), 78.31 (CHO),
38.38, 36.41, 36.28, 36.05 (CHI), 26.43, 26.20.
assigned to rra/w-2-iodo-9-oxabicyclo[3.3.1]nonane (34), 72.45 (CHO), 67.85 (CHO),
34.29, 33.97, 31.94 (CHI), 29.96, 26.49,19.40.
assigned to cyclo-oct-4-en-l-one (32), 131.78 (-CH=), 131.61 (-CH=), 48.05, 41.18,
27.30,25.15,22.59, +1C.
assigned to methanolysis product, 86.75,44.12,40.97, 39.88, 31.41, 31.36, 27.09, 24.14.
assigned to N-iodosuccinimide, 182.69 (C=0), 30.20 (CH2).
assigned to succinimide, 181.46 (C=0), 30.56 (CH2).

Reaction with Iodine in Pvridine-d 5
The reaction mixture went dark puiple/brown on addition to the iodine. The 13C
NMR spectrum taken approximately 1 hour after addition showed that very little reaction
had taken place. The only product peaks visible were those for the [4.2.1]iodide (33).
The reaction mixture was allowed to stand for 9 days and the 13C NMR spectrum then
showed that the reaction was complete and no hydroperoxide Q) was left.

13C NMR (100 MHz, C5 D 5 N) ppm;
assigned to rra^-2-iodo-9-oxabicyclo[4.2.1]nonane (33), 83.23 (CHO), 76.54 (CHO),
36.95, 36.81 (CHI), 35.32, 35.26, 25.36, 25.31.
assigned to rr0 ws-2 -iodo-9 -oxabicyclo[3 .3 . 1 ]nonane (34), 71.19 (CHO), 65.86 (CHO),
33.06, 33.01, 32.85 (CHI), 28.78,25.72,18.42.

Reaction with N-Iodosuccinimide in the Presence of a Radical Inhibitor in
Dichloromethane-do
Before adding the solution of hydroperoxide (1) to the N-iodosuccinimide, the
solution was added to 2,6-di-f-butyl-4-methylphenol (77 mg, 0.35 mmol). The solution
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went dark brown on addition to the N-iodosuccinimide. Not all the succinimide/inhibitor
was dissolved in solution. The 13C NMR spectrum showed that all the
/V-iodosuccinimide had been converted to succinimide. The spectrum showed that the
majority of the radical inhibitor was unreacted but there were peaks for the reacted
inhibitor.

13C NMR (100 MHz, CD2 C12) ppm;
assigned to rra/w-2-iodo-9-oxabicyclo[4.2.1]nonane (33), 83.50 (CHO), 77.08 (CHO),
37.37, 36.47 (CHI), 35.66, 35.61,25.62,25.47.
assigned to tra«j-2-iodo-9-oxabicyclo[3.3.1]nonane (34), 71.09 (CHO), 66.46 (CHO),
33.32 (2C), 32.42 (CHI), 29.16,25.56,18.65.
assigned to 2,6-dw-butyl-4-methylphenol, 152.03, 136.18,132.73, 125.19,41.73, 34.37,
30.26.
assigned to succinimide, 178.60 (C=0 ), 29.86 (CH2).

The assignments for 2,6-di-r-butyl-4-methylphenol were made on the basis of the
spectrum of an authentic sample in the dichloromethane-d2 .

Reaction with iV-Bromosuccinimide in Carbon Tetrachloride
The 5 mm NMR tube had a lock tube (D20 ) placed in it. On the initial mixing of
the reactants, a gas was evolved. The initial 13C NMR spectrum showed that not all the
hydroperoxide (1) had been consumed. The solution was left to stand for 5 days after
which all the hydroperoxide (1) had disappeared. The solvent was removed under
reduced pressure and the products redissolved in dichloromethane-d2. The 13C NMR
spectrum confirmed that only succinimide had been produced. The solvent was removed
and the product dissolved in carbon tetrachloride (0.5 ml). The solid left was filtered off
and washed with carbon tetrachloride (2 x 0.25 ml). The white solid produced was dried
O

at reduced pressure (0.1 mmHg/20 C). The melting point of the white solid was
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122-124 C. Melting point of succinimide is 125 C.

13C NMR (100 MHz, CCI4 , D20 lock) ppm;
assigned to rra>w-2-bromo-9-oxabicyclo[4.2.1]nonane (24), 80.96 (CHO), 75.26 (CHO),
52.78 (CHBr), 34.84, 34.28, 34.14, 23.68, 22.20.
assigned to rra/w-2-bromo-9-oxabicyclo[3.3.1]nonane (31), 69.13 (CHO), 64.95 (CHO),
50.31 (CHBr), 31.19, 30.58, 28.31,22.98,17.85.
assigned to cyclo-oct-4-en-l-one (32), 129.76 (-CH=), 129.32 (-CH=), 46.00, 39.14,
25.47, 22.78, 21.20, +1C.
13C NMR (100 MHz, CD2 CI2 ) PP«i;
assigned to succinimide, 178.46 (0=0), 29.73 (CH2).

Reaction with Bromine Acetate in Carbon Tetrachloride
The bromine acetate was produced by the literature
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synthesis using silver

acetate and bromine, except only 50 ml of carbon tetrachloride was used. The bromine
acetate solution (1 ml, CC14) was added to the hydroperoxide (1) (34 mg). The reaction
mixture was then placed in a 5 mm NMR tube with a lock tube (D2 0 ). The 13C NMR
spectrum showed that the reaction was complete. The sample was then spiked with
acetic acid and the spectrum taken again to confirm the presence of acetic acid as the
product.

13C NMR (100 MHz, CC14, DzO lock) ppm;
assigned to rra/iy-2-bromo-9-oxabicyclo[4.2.1]nonane (24), 84.56 (CHO), 78.87 (CHO),
56.51 (CHBr), 38.45, 37.90, 37.75,27.29, 25.83.
assigned to fra/w-2-bromo-9-oxabicyclo[3.3.1]nonane (31), 72.72 (CHO), 68.56 (CHO),
54.03 (CHBr), 34.81, 34.20, 31.92,26.61, 21.47.
assigned to acetic acid, 178.74 (C02), 23.54 (CH3).
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The 13C NMR data for the bromides (24) and (31) produced in these experiments
were consistent with those reported in the literature. 120 The iodides (33) and (34) are
both known compounds, 121,122 but no 13C NMR data have been reported for them. The
assignments here are based on data gained from repeating the literature experiments with
cyclo-oct-4-en-l-ol (29) (reported later in this chapter). The assignments for
N-bromosuccinimide, N-iodosuccinimide, succinimide (see Appendix 2) and
cyclo-oct-4-en-l-one (32) (see chapter 5, Experimental) were made on the basis of
spectra of authentic samples in dichloromethane-d2 and methanol-d4.

Reaction of l-Hydroperoxycyclo-oct-4-ene (I) with a Radical Initiator

Di-r-butyl Peroxvoxalate
l-Hydroperoxycyclo-oct-4-ene (1) (45 mg, 0.32 mmol) was dissolved in benzene
(30 ml, 0.01M). To the stirred mixture was added di-r-butyl peroxyoxalate
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(37 mg,

0.16 mmol). The mixture was stirred for 2 days at room temperature in contact with air.
The benzene was removed under reduced pressure. The 13C NMR spectrum showed that
the products contained a considerable quantity of unreacted hydroperoxide (1). The
major product was cyclo-oct-4-en-l-one (32) and cyclo-oct-4-en-l-ol (29) was also
produced. The molar ratio of the three products was 33% (D, 48% (32) and 19% (29).
There were two other minor products but attempts to isolate them by column
chromatography failed.

13C NMR (100 MHz, CD2 C12) ppm;
assigned to l-hydroperoxycyclo-oct-4-ene (1), 130.03 (-CH=), 129.85 (-CH=), 86.78
(CHO), 32.01, 31.79,25.79, 25.52, 22.42.
assigned to cyclo-oct-4-en-l-one (32), 130.90 (-CH=), 130.55 (-CH=), 47.39,40.46,
26.52, 24.23, 21.97,+1C.

Chapter 6 Experimental

184

assigned to cyclo-oct-4-en-l-ol (29), 130.30 (-CH=), 129.58 (-CH=), 72.78 (CHO),
37.93, 36.52, 25.75,25.09, 22.95.
assigned to unidentified minor products, 79.44,78.07,77.44, 67.01, 66.44, 66.38, 35.66,
32.79,29.86,29.74,29.16,29.13,25.55, 24.62, 23.29,18.91,18.62.

The assignments for hydroperoxide (1), alcohol (29) and ketone (32) (see chapter
5, Experimental) were made on the basis of spectra of authentic samples in the
dichloromethane-d2.
The above experiment was repeated. The solution was degassed by 3 freeze thaw
cycles using argon. The solution then was stirred for 3 days under an argon atmosphere.
The 13C NMR spectrum showed that a similar mixture of products was obtained. The
molar ratio of the major products was 39% (1), 18% (29) and 43% (32).

Di-r-butyl Peroxide
l-Hydroperoxycyclo-oct-4-ene (1) (50 mg, 0.35 mmol) was dissolved in
dichloromethane-d2 (1 ml). The solution was added to di-r-butyl peroxide (256 mg, 1.75
mmol). The reaction mixture was placed in a 5 mm NMR tube and irradiated with a UV
lamp for 14 hours. The 13C NMR spectrum showed cyclo-oct-4-en-l-one (32) as the only
observable product.

13C NMR (100 MHz, CD2 C12) ppm;
assigned to cyclo-oct-4-en-l-one (32), 47.37,40.44, 26.64, 24.21, 21.96, +3C.
assigned to di-r-butyl peroxide, 78.29, 26.49.

The assignments for ketone (32) (see chapter 5, Experimental) were made on the
basis of the spectrum of an authentic sample in the dichloromethane-d2.
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NMR Studies of the Reactions of Cyclo-oct-4-en-l-ol (29) with Electrophiles

Cyclo-oct-4-en-l-ol (29) (50 mg, 0.4 mmol) was dissolved in deuterated solvent
(1 ml). The solution was added to the reactant (0.4 mmol). The reaction mixture was
placed in a 5 mm NMR tube and a 13C NMR spectrum taken as soon as possible after
mixing.
The yields of the products, based on 13C NMR peak heights of CH2 peaks, are
given in Table 3. The spectroscopic data, experimental data and variations are listed
below.

Reaction with N-Bromosuccinimide in Dichloromethane-d?
All the N-bromosuccinimide/succinimide was dissolved in solution. The 13C
NMR spectrum showed that the reaction was complete after 1 hour but alcohol (29) was
left. The spectrum showed that no N-bromosuccinimide was left in solution, it having all
been converted to succinimide.

13C NMR (100 MHz, CD2 C12) ppm;
assigned to rrarcs-2-bromo-9-oxabicyclo[4.2. 1 ]nonane (24), 82.09 (CHO), 76.69 (CHO),
54.92 (CHBr), 35.47, 35.16, 34.86,24.48,23.05.
assigned to fra/w-2-bromo-9-oxabicyclo[3.3.1]nonane (31), 70.34 (CHO), 66.39 (CHO),
52.46 (CHBr), 32.10, 31.45,29.13, 23.93,18.59.
assigned to cyclo-oct-4-en-l-ol (29), 130.25 (-CH=), 129.51 (-CH=), 72.73 (CHO),
37.77, 36.46, 25.73, 25.06, 22.92.
assigned to succinimide, 29.76 (CH2), +1C.

Reaction with N-Iodosuccinimide in Dichloromethane-d?
Not all the N-iodosuccinimide/succinimide was dissolved in solution. The 13C
NMR spectrum showed that the reaction was complete after 10 minutes and no alcohol
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(29) was left. The spectrum showed that unreacted iV-iodosuccinimide was left in
solution but the rest had been converted to succinimide.

13C NMR (100 MHz, CD2 C12) PPm’
assigned to frarts-2-iodo-9-oxabicyclo[4.2.1]nonane (33). 83.52 (CHO), 77.19 (CHO),
37.22, 36.28 (CHI), 35.48 (2C), 25.51, 25.35.
assigned to rra/w-2-iodo-9-oxabicyclo[3.3.1]nonane (34), 71.18 (CHO), 66.65 (CHO),
33.14 (2C), 32.13 (CHI), 29.01,25.43,18.49.
assigned to N-iodosuccinimide, 179.11 (C=0), 29.51 (CH2).
assigned to succinimide, 178.52 (C=0), 29.76 (CH2).

Reaction with Iodine in Dichloromethane-d?
The solution went a deep brown/black on addition of the iodine. The 13C NMR
spectrum showed that no alcohol was left. The spectrum consisted of a forest of
unassignable peaks. The experiment was repeated with a similar result.

Reaction with Iodine in Chloroform-d
The 13C NMR spectrum showed that the reaction was complete and no alcohol
(29) was left. The main product of this reaction was the [3.3.1]iodide (34) but there were
a considerable number of unidentified minor products.

13C NMR (100 MHz, CDC13) ppm;
assigned to /ra/is-2-iodo-9-oxabicyclo[3.3.1]nonane (34), 71.93 (CHO), 67.99 (CHO),
32.94 (2C), 32.66 (CHI), 29.08,25.61,18.03.

The iodide (34) is a known compound having been produced by the above
reaction
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but no 13C NMR data were reported for the iodide.
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Reaction with Iodine in Methanol-d^
The 13C NMR spectrum taken after 2 hours showed that the reaction was not
complete. However the 13C NMR spectrum taken after 6 days showed that the reaction
was complete and no alcohol (29) was left. The iodides (33) and (34) were the only
products.

13C NMR (100 MHz, CD3 OD) ppm;
assigned to rra/ts-2-iodo-9-oxabicyclo[4.2.1]nonane (33), 84.64 (CHO), 78.19 (CHO),
38.22, 36.28, 36.23, 35.99 (CHI), 26.38, 26.09.
assigned to rra«^-2-iodo-9-oxabicyclo[3.3.1]nonane (34), 72.30 (CHO), 67.75 (CHO),
34.18, 33.91,29.88,19.33, +2C.

The iodides (33) and (34) are both known compounds, this reaction is reported in
the literature
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as affording the [4.2.1]iodide (33) but no 13C NMR data were reported.

Reaction with Iodine in Pyridine-ds
The reaction mixture went dark purple/brown on addition to the iodine. The 13C
NMR spectrum taken approximately 1 hour after addition showed that partial reaction
had taken place and the product peaks visible were those for the [4.2.1]iodide (33). The
reaction mixture was allowed to stand for 3 days and the 13C NMR spectrum then
showed that the reaction was more complete.

13C NMR (100 MHz, C5D 5 N) ppm;
assigned to fra/tf-2-iodo-9-oxabicyclo[4.2.1]nonane (33), 83.80 (CHO), 77.10 (CHO),
37.35 (CHI), 37.32, 35.88, 35.83, 25.92, 25.87.
assigned to tra/w-2-iodo-9-oxabicyclo[3.3.1]nonane (34), 71.24 (CHO), 66.41 (CHO),
33.63, 33.57, 33.40 (CHI), 29.34, 26.07,18.98.
assigned to cyclo-oct-4-en-l-ol (29), 130.91 (-CH=), 129.60 (-CH=), 72.09 (CHO),
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38.55, 37.52, 26.17,25.72,23.69.

Reaction with MercuryflO Acetate in Dichloromethane-do
The mercury(II) acetate dissolved in solution after 5 minutes of shaking. The 13C
NMR spectrum showed that some alcohol (29) was left due to poor weighing in a fume
cupboard. The spectrum showed two products, the bicyclic mercurial ethers (21) and
(22).

13C NMR (100 MHz, CD2 C12) ppm;
assigned to rra/w-2-acetoxymercurio-9-oxabicyclo[4.2.1]nonane (22), 176.27 (C=0)
80.98 (CHO), 76.63 (CHO), 54.23 (CHHg), 35.45, 35.29, 30.47, 30.44, 26.56, 22.08
(CH3).
assigned to rran 5 -2 -acetoxymercurio-9 -oxabicyclo[3 .3 . 1 ]nonane (21), 176.27 (C=0),
70.56 (CHO), 67.88 (CHO), 50.58 (CHHg), 33.15, 32.91,29.51,26.83,22.08 (CH3),
19.64.
assigned tocyclo-oct-4-en-l-ol (29), 130.20 (-CH=), 129.48 (-CH=), 37.63, 36.42, 25.71,
25.07, 22.90, +1C.

The 13C NMR data for the bromides (24) and (31) produced in these experiments
were consistent with those reported in the literature. 120 The iodides (33) and (34) are
both known compounds, 121,122 but no 13C NMR data have been reported for them. The
assignments here are based on data gained from repeating the literature experiments with
cyclo-oct-4-en-l-ol (29) (reported above). The 13C NMR spectra of organomercurials
(21) and (22) were consistent with those in the literature. 120 The assignments for
N-bromosuccinimide, iV-iodosuccinimide, succinimide (see Appendix 2) and
cyclo-oct-4-en-l-ol (29) (see chapter 5, Experimental) were made on the basis of spectra
of authentic samples in dichloromethane-d2 and methanol-d4.
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Reaction of Cyclo-oct-4-en-l-oI (29) with m-Chloroperoxybenzoic Acid

Cyclo-oct-4-en-l-ol (29) (51 mg, 0.4 mmol) was dissolved in dichloromethane-d2
(1 ml) and added to m-chloroperoxybenzoic acid (8 8 %, 87 mg, 0.4 mmol). The reaction
mixture was placed in a 5 mm NMR tube. The first 13C NMR spectrum taken after
approximately 30 minutes showed both the cis- and rra/w-epoxyalcohol (26)/(35) and the
bicyclic ethers (16)7(17) with most of the m-chloroperoxybenzoic acid consumed to
produce m-chlorobenzoic acid. The initial molar ratio of the products was 55% (26) 18%
(35), 17% (16) and 10% (17). After the sample had been kept at room temperature for 3
days, the 13C NMR spectrum showed no frcms-epoxyalcohol (35) left and the molar ratio
of the final products was 55% (26), 28% (16) and 17% (17).

13C NMR (100 MHz, CD2 CI2 ), in a mixture containing MCPBA and MCBA ppm;
assigned to cw-4,5-epoxy-cyclo-octan-l-ol (29), 73.01 (CHO), 55.30 (CHO), 55.19
(CHO), 37.71, 33.80,28.68, 23.65, 22.81.
assigned to rra/tf-4,5-epoxy-cyclo-octan-l-ol (35), 73.33 (CHO), 54.92 (CHO), 36.57,
35.29, 24.63,24.32, 22.59, +1C.
assigned to emfo-9-oxabicyclo[4.2.1]nonan-2-ol (16), 81.23,76.59,72.81, 35.69, 33.72,
32.68, 23.21,19.21.
assigned to ewdo-9-oxabicyclo[3.3.1]nonan-2-ol (17), 70.39, 69.32,66.64,29.33 (2C),
28.81,22.52,18.80.

The 13C NMR data for the known compounds were consistent with those reported
in the literature for the bicyclic ethers (16) and (1 7 )114 and
ris-4,5-epoxycyclo-octan- l-ol (26).115
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Reaction of CycIo-oct-4-en-l-ol (29) with Di-f-butyl Peroxyoxalate

Cyclo-oct-4-en-l-ol (29) (54 mg, 0.43 mmol) was dissolved in benzene (43 ml,
0.01M). To the stirred mixture was added di-r-butyl peroxyoxalate
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(50 mg, 0.22

mmol). The mixture was stirred for 3 days at room temperature in contact with air. The
benzene was removed under reduced pressure. The 13C NMR spectrum showed that the
main product was unreacted alcohol (29) with a minor product being
cyclo-oct-4-en-l-one (32). The molar ratio of the two products was 10% (32) and 90%
(29).

13C NMR (100 MHz, CD2 C12) ppm;
assigned to cyclo-oct-4-en-l-one (32), 130.90 (-CH=), 130.54 (-CH=), 47.38,40.45,
26.52, 24.22,21.97, +1C.
assigned to cyclo-oct-4-en-l-ol (29), 130.31 (-CH=), 129.56 (-CH=), 72.71 (CHO),
37.92, 36.54, 25.78, 25.10, 22.96.

The assignments for alcohol (29) and ketone (32) (see chapter 5, Experimental)
were made on the basis of spectra of authentic samples in the dichloromethane-d2.

Reaction of Cyclo-oct-4-en-l-one (32) with m-Chloroperoxybenzoic Acid

Cyclo-oct-4-en-1 -one (32) (50 mg, 0.4 mmol) was dissolved in
dichloromethane-d2 (1 ml) and added to m-chloroperoxybenzoic acid (85%, 81 mg, 0.4
mmol). The reaction mixture was placed in a 5 mm NMR tube. The 13C NMR spectrum
taken after approximately 30 minutes showed that the reaction had gone to completion
leaving no cyclo-oct-4-en-l-one (32). The reaction produced only one product other than
m-chlorobenzoic acid, which on the basis of 13C NMR signals was identified as
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4,5-epoxy-cyclo-octan- 1-one.

13C NMR (100 MHz, CD2 CI2 ), in a mixture containing MCPBA and MCBA ppm;
assigned to 4,5-epoxy-cyclo-octan-1-one (28), 215.17 (C=0), 55.25 (CHO), 55.19
(CHO), 41.81,40.46, 28.43, 23.88,22.61.

Reaction of l-Hydroperoxycyclo-oct-4-ene with Mercury(II) Acetate

l-Hydroperoxycyclo-oct-4-ene (1) (42 mg, 0.3 mmol, containing ca. 5% of
l-hydroperoxycyclo-oct-3-ene) was dissolved in dichloromethane-d2 (1 ml). The
solution was added to mercury(II) acetate (96 mg, 0.3 mmol). After 4 hours of mixing by
ultrasound irradiation the 13C NMR spectrum showed that a little reaction had taken
place. The sample was then subjected to ultrasonication over 2 days, after which all the
hydroperoxide (1) had reacted. The main product of the reaction was
rrattS-2-acetoxymercurio-9,10-dioxabicyclo[3.3.2]decane (19) with the minor products
being fra/is-2-acetoxymercurio-9,10-dioxabicyclo[4.2.2]decane (20),
ttms-2-acetoxymercurio-9-oxabicyclo[3.3. ljnonane (21),
rrfl/w-2-acetoxymercurio-9-oxabicyclo[4.2.1]nonane (22) and
rratts-2-acetoxymercurio-8,9-dioxabicyclo[5.2.1]decane (30). The final molar ratio of the
products was 69% (19), 17% (20), 5% (2D, 3% (22) and 7% (30).

13C NMR (100 MHz, CD2C12) ppm;
assigned to fra/w-2-acetoxymercurio-9,10-dioxabicyclo[3.3.2]decane (19), 176.66 (C 02),
86.26 (CHO), 83.94 (CHO), 47.69 (CHHg), 32.93, 32.73, 31.28, 29.53, 24.03, 21.77

(ch3).
assigned to rrattS-2-acetoxymercurio-9,10-dioxabicyclo[4.2.2]decane (20), 176.66 (C 02),
79.37 (CHO), 76.28 (CHO), 54.48 (CHHg), 34.42, 30.77, 28.29, 23.21, 22.03,21.77
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(CH3).
assigned to fra>w-2-acetoxymercurio-9-oxabicyclo[3.3.1]nonane (21), 176.66 (CO2 ),
70.61 (CHO), 67.99 (CHO), 50.68 (CHHg), 33.13, 33.05, 29.53, 26.79, 21.77 (CH3),
19.60.
assigned to rra/ts-2-acetoxymercurio-9-oxabicyclo[4.2.1]nonane (2 2 ), 176.66 (CO2),
35.40, 34.20, 30.43, 30.38, 26.54, 21.77 (CH3), +3C.
assigned to rra/w-2-acetoxymercurio-8,9-dioxabicyclo[5.2.1]decane (30), 176.66 (C 02),
80.45 (CHO), 78.14 (CHO), 54.02 (CHHg), 47.56, 31.96, 30.55, 28.82, 25.02, 21.77
(CH3).

As the bicyclic peroxides (19) and (20) had not been fully characterised,
separation of the above products was attempted using column chromatography (Si02,
o
50% ethyl acetate in light petroleum(b.p. 60-80 C)) but the organomercurials stuck to the
column even with ethyl acetate as the eluant.
The above procedure was repeated using hydroperoxide (1) (50 mg, 0.35 mmol).
The organomercury(II) acetates produced were dissolved in dichloromethane (5 ml) and
added to a stirred aqueous solution of potassium bromide (46 mg, 5 ml, 0.39 mmol). The
mixture was stirred for 30 minutes. The organic layer was separated and the aqueous
layer was extracted with dichloromethane ( 3 x 5 ml). The combined organic fractions
were dried (MgS04) and the solvent removed under reduced pressure. The yield of crude
product was 96%. The organomercury(II) bromides of the above products were
produced, the molar ratio of the products was 61% (19)Br, 18% (20)Br, 11% (21)Br, 5%
(22)Br and 5% (30)Br.

13C NMR (100 MHz, CD2 C12) ppm;
assigned to fra/tf-2-bromomercurio-9,10-dioxabicyclo[3.3.2]decane (19)Br, 86.18
(CHO), 83.81 (CHO), 57.36 (CHHg), 33.02, 32.93, 31.30, 29.76, 24.21.
assigned to rra/zs-2-bromomercurio-9,10-dioxabicyclo[4.2.2]decane (20)Br, 79.37
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(CHO), 76.16 (CHO), 64.03 (CHHg), 34.39, 31.01,28.52, 23.25,22.23.
assigned to fra/w-2-bromomercurio-9-oxabicyclo[3.3.1]nonane (21)Br, 70.64 (CHO),
67.79 (CHO), 60.83 (CHO), 33.68,33.11,29.57,27.24,19.73.
assigned to fra/w-2-bromomercurio-9-oxabicyclo[4.2.1]nonane (22)Br, 80.96 (CHO),
76.50 (CHO), 35.41,35.38,30.70, 30.42,26.71, +1C.
assigned to rra^y-2-bromomercurio-8,9-dioxabicyclo[5.2.1]decane (30)Br, 80.46 (CHO),
78.08 (CHO), 47.76, 32.00,31.06, 28.94, 25.23, +1C.

The mixture of organomercury(II) bromides was separated using
semi-preparative HPLC (5 pm Si02, 50 x 4.6 mm + 2 x (250 x 7 mm), 12.5% ethyl
acetate in hexane). The elution order was mercury(II) bromide, bicyclic[4.2.2]peroxide
and finally bicyclic[3.3.2]peroxide. The separated organomercurials were submitted for
accurate mass spectrometry.

fraAW-2-bromomercurio-9,10-dioxabicyclo[4.2.2]decane (20)Br
13C NMR (100 MHz, CD2 C12) ppm; 79.35 (CHO), 76.20 (CHO), 64.11 (CHHg), 34.42,
30.97,28.57,23.41,22.19.
*H NMR (400 MHz, CDC13) ppm; 4.80 (ddd, 3JX. ^ 4.4 Hz, 3 J t.7= 7.9,0.8 Hz, 1H,
'CHO), 4.54 (m, 1H, 6 CHO), 3.28 (ddd, 3 J2.3= 10.3,5.6 Hz, 1H, 2 CHHg), 2.48-2.37 (m,
2H, 3 O J, 8 CH), 2.37-2.23 (m, 2H, 3 CH, 7 CH), 2.23-2.14 (m, 1H, 5 CH), 2.14-2.05 (m,
1H, 4 CH), 2.04-1.95 (m, 1H, 4 CH), 1.88-1.76 (m, 2H, 7 CH, 8CH), 1.65-1.57 (m, 1H,
5 CH).

Mass spec. Calculated for C8H 1379 Bf 200HgO 2 419.9782. Found 419.9788.
rra/w-2-bromomercurio-9,10-dioxabicyclo[3.3.2] decane (19)Br
13C NMR (100 MHz, CD2 C12) ppm; 86.19 (CHO), 83.84 (CHO), 57.45 (CHHg), 33.12,
32.97,31.33,29.70,24.27.
'H NMR (400 MHz, CDC13) ppm; 4.94 (m, 1H ’CHO), 4.78 (m, 1H, 5 CHO), 2.99 (m,
1H, 2 CHHg), 2.46-2.35 (m, 2H, 3 CH, 8 CH), 2.28-2.17 (m, 2H, 3 CH, 7 CH), 2.13-1.99 (m,
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3H, 4 CH2 , 8CH), 1.97-1.89 (m, 2H, ‘CHj), 1.80-1.73 (m, 1H, 7 CH).
Mass spec. Calculated for CjH 1379 Br200 HgO2 419.9782. Found 419.9784.

The mass ion peaks in the low resolution mass spectra had the expected isotopic
pattern (Figure 6 ). The

NMR assignments were made on the basis of decoupling

experiments. The 13C NMR data for the known organomercurials were consistent with
those reported in the literature, the bicyclic peroxides (19) and (20) , 126,127 and the
bicyclic ethers (21)Br and (22)Br. 120 The assignments for the bicyclic peroxide (30)
were made on the basis of later work (see chapter 8 , Experimental).

Sodium Borohydride Reduction of Bicyclic Organomercurial Peroxides (19) and
(20)

A mixture of organomercurials (19), (20), (21), (22) and (30) produced by the
above experiment (0.3 mmol) was dissolved in dichloromethane (10 ml). The mixture
was placed in a 50 ml three-necked round bottomed flask equipped with a pressure
equalising addition funnel and a thermometer. A cooled solution of sodium borohydride
(11 mg, 0.3 mmol) in aqueous sodium hydroxide solution (3M, 10 ml) was added to the
stirred reaction mixture, which was cooled by an ice/salt bath ensuring that the
o

temperature of the reaction mixture stayed below 5 C. When addition was complete the
o

reaction mixture was stirred for 30 minutes at 0 C and then allowed to warm slowly to
room temperature. The organic layer was separated and the aqueous layer extracted with
dichloromethane (3 x 10 ml). The combined organic layers were then filtered through a
sintered glass funnel (2 cm diam.) containing silica (1 cm) covered with Celite (0.2 cm).
The solvent was removed under reduced pressure. The yield of crude product was 35%
starting from hydroperoxide (i). According to the 13C NMR spectrum the main product
of the reaction was 9,10-dioxabicyclo[3.3.2]decane (44) with
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9,10-dioxabicyclo[4.2.2]decane (45), 9-oxabicyclo[4.2.1]nonane (46),
9-oxabicyclo[3.3.1]nonane (36) and 8,9-dioxabicyclo[5.2.1]decane (37) as minor
products. The molar ratio of the products was 67% (44), 20% (45), 2% (46), 4% (36) and
6%

(37).

13C NMR (100 MHz, CD2 C12) PPm;
assigned to 9,10-dioxabicyclo[3.3.2]decane (44), 84.30 (2C, CHO), 31.62 (4C), 24.02
(2C).
assigned to 9,10-dioxabicyclo[4.2.2]decane (45), 76.35 (2C, CHO), 34.83 (2C), 24.72
(2C), 20.86 (2C).
assigned to 9-oxabicyclo[4.2.1]nonane (46), 36.56 (2C), 31.78 (2C), 24.25 (2C), +2C.
assigned to 9-oxabicyclo[3.3.1]nonane (36), 29.88 (4C), 19.36 (2C), +2C.
assigned to 8,9-dioxabicyclo[5.2.1]decane (37), 77.76 (2C, CHO), 45.24, 33.20 (2C),
26.26,25.32 (2C).

The 13C NMR data were consistent with those reported in the literature.52

Reaction of Bicyclic Organomercurial Peroxides (19) and (20) with Trifluroacetic
Acid

A mixture of organomercurials (19), (20), (21), (22) and (30) (0.35 mmol) was
produced by the above method. The molar ratio of the products was

68%

(19), 17% (20),

5% (21), 5% (22) and 5% (30). The organomercurials were dissolved in
dichloromethane-d2 (1 ml), added to trifluoroacetic acid (40 mg, 0.35 mmol) and placed
in a 5 mm NMR tube. According to the 13C NMR spectrum, apart from chemical shift
changes due to the presence of trifluoroacetic acid, there was no immediate reaction.
After 14 days the 13C NMR spectrum showed that the amount of the [4.2.2]peroxide (20)
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had significantly decreased with a commensurate increase in the [3.3.1]ether (21). The
solvent was then removed from the sample under reduced pressure, the crude product
was a yellow/green oil. The mixture was redissolved in dichloromethane-d2 (1 ml) and
trifluoroacetic acid (40 mg, 0.35 mmol) added. The 13C NMR spectrum showed acetic
acid still present and no immediate change in the composition of the mixture. The
composition of the mixture changed little over 16 days though the [4.2.2]peroxide (20)
dissappeared. Excess trifluoroacetic acid (150 mg) was then added. The 13C NMR
spectrum showed an immediate decrease in the amount of [3.3.2]peroxide and increase
in [3.3.1]ether. After 4 days the 13C NMR spectrum showed one major product, the
[3.3.1]ether (13).

Final 13C NMR (100 MHz, CD2 C12 ) ppm;
assigned to rra/tf-2-trifluoroacetoxymercurio-9-oxabicyclo[3.3.1]nonane (13). 160.57q
(2j c

42

Hz, C 0 2), 115.35q ( 1JC.F= 285 Hz, CF3), 71.41 (CHO), 69.99 (CHO), 52.95

(CHHg), 32.76, 32.69,29.18,26.39,19.02.

The solvent was removed from the product under reduced pressure. The product
was dissolved in dichloromethane

(1 0

ml) to which was added aqueous potassium

bromide (46 mg, 0.39 mmol, 5 ml). The mixture was stirred for 30 minutes. The organic
layer was separated and the aqueous layer was extracted with dichloromethane ( 2 x 5
ml). The organic layers were combined, dried (M gS04) and the solvent removed. The
yield of crude product was 57%.

Final 13C NMR (100 MHz, C D jC y ppm;
assigned to fra^-2-bromomercurio-9-oxabicyclo[3.3.1]nonane (21), 70.69 (CHO), 67.84
(CHO), 60.83 (CHHg), 33.68,33.19,29.57,27.21,19.76.

The 13C NMR spectrum for the bicyclic ether (21) was consistent with that
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reported in the literature. 120

Synthesis of Trifluoroacetates of Bicyclic Organomercurial Peroxides (19) and (20)
and Their Subsequent Reaction with Trifluoroacetic Acid

A mixture of organomercurials (19). (20), (21), (22) and (30) (0.35 mmol) was
produced using the above method. The 13C NMR spectrum showed that the usual
product distribution was observed. The mixture of organomercurials was placed in a 10
ml round bottomed flask and dissolved in dichloromethane (5 ml). To the stirred solution
was added trifluoroacetic acid (40 mg, 0.35 mmol). The solution was stirred for 30
minutes. The solvent was removed under reduced pressure and the sample dried under
vacuum (0.1 mmHg). The 13C NMR spectrum showed a little acetate to be still left but
the majority of the mercurials had been converted to the trifluoroacetates. Also some of
the [4.2.2]peroxide had been converted to the [3.3.1]ether.

13C NMR (100 MHz, CD2 C12) ppm;
assigned to fra/tf-2-trifluoroacetoxymercurio-9,10-dioxabicyclo[3.3.2]dec ane (11),
161.37q (2 Jc_f= 39 Hz, C 0 2), 119.01q (1JC.F= 289 Hz, CF3), 85.73 (CHO), 84.05 (CHO),
49.91 (CHHg), 32.99,32.48, 31.22, 29.54, 24.08.

The above product was dissolved in dichloromethane-d2 (1 ml). The solution was
added to trifluoroacetic acid (40 mg, 0.35 mmol). The reaction mixture was placed in a 5
mm NMR tube. The initial 13C NMR spectrum showed little change. After 4 days the
13C NMR spectrum showed that most of the [3.3.2]peroxide (11) had been converted to
the [3.3.1]ether (13).
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Final 13C NMR (100 MHz, CD2Cl2) ppm;
assigned to rra/w-2-trifluoroacetoxymercurio-9-oxabicyclo[3.3.1]nonane (13). 160.49q
(2jc p= 4 0 Hz, C 0 2), 117.44q (*JC_F= 286 Hz, CF3), 70.70 (CHO), 68.75 (CHO), 52.73
(CHHg), 32.92, 32.81,29.27,26.63,19.29.

The 13C NMR data for the bicyclic ether (13) was consistent with that reported
above.

Reaction of l-HydroperoxycycIo-oct-4-ene (1) with Trifluoroacetic Acid

l-Hydroperoxycyclo-oct-4-ene (1) (62 mg, 0.44 mmol) was dissolved in
dichloromethane-d2 (1 ml). The solution was added to trifluoroacetic acid (50 mg, 0.44
mmol). The reaction mixture was placed in a 5 mm NMR tube. The initial 13C NMR
spectrum showed that a small amount of reaction had occurred. After 11 days all the
hydroperoxide (1) had reacted. The main products were cyclo-oct-4-en-1-one (32)
emfo-9-oxabicyclo[4.2.1]nonan-2-ol (16), and emfo-9-oxabicyclo[3.3.1]nonan-2-ol (17)
in a molar ratio of 41% (16), 45% (17) and 14% (32). The spectrum also showed a
number of other unidentified products.

13C NMR (100 MHz, CD2 C12) ppm;
cyclo-oct-4-en-1 -one (32), 130.98 (-CH=), 130.53 (-CH=), 47.38,40.53,25.62,24.88,
22.51, +1C.
assigned to endo-9-oxabicyclo[4.2.1]nonan-2-ol (16), 81.23,76.89,72.76, 35.57, 33.63,
32.46, 23.21, 18.82.
assigned to emfo-9-oxabicyclo[3.3.1]nonan-2-ol (17). 70.54, 66.99, 66.69, 29.27 (2C),
28.85,22.48,18.70.
major unassigned peaks, 78.77,78.00,77.59,75.84, 35.46, 32.65,29.50,29.20,29.03,
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28.71,25.11,24.73,19.16,18.44.

The 13C NMR data for the bicyclic ethers (16) and (17) were consistent with
those reported in the literature. 114 The assignments for the ketone (32) were based on the
spectrum of an authentic sample in dichlorom ethane^ (see chapter 5, Experimental).
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Reactions Of
l-t-ButylperoxycycIo-oct-4-
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Introduction

Bloodworth, Courtneidge and Eggelte (1983)27 synthesized
1-t-butylperoxycyclo-oct-4-ene (1) in 80% yield by the f-butyl peroxymercuration
ris,ri.s-cyclo-octa-1,5-diene (2) followed by reduction

135

65

of

with excess tributyltin hydride

(Scheme 1).
/

\ v ^ O O C M e 3 jii)

ii)

(2)

OOCMe,

HgCl

(3)

)

0

i) rBuOOH, H g(0 2 CCF3) 2
ii) NaCl
iii) Bu3SnH
Scheme 1
The authors treated the peroxide (I) with N-bromosuccinimide in methanol to
afford a mixture of rrarts-2-bromo-9-oxabicyclo[4.2.1]nonane (4) and
rrarcs-2-bromo-9-oxabicyclo[3.3.1]nonane (5) in the ratio 3.2:1, together with
2,2-dimethoxypropane (74%) and succinimide (Scheme 2).
OOtBu
MBS

<C~
Br

MeOH
(1)

(4)

Br
+ Me2 C(OMe) 2

+

(5)

Scheme 2
The reaction mechanism for the generation of the bicyclic ether (4) (Scheme 3),
was proposed to be an electrophilic attack on the double bond followed by
intramolecular alkylation of the peroxide to generate the trialkylperoxonium ion (6 ),
which subsequently underwent Baeyer-Villiger-type cleavage to produce the [4.2.1]
bicyclic ether (4) and the 2-methoxy-2-propyl cation. Similarly the [3.3.1] bicyclic ether
(5) was generated by attack at the other alkene carbon atom.
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OOtBu
NBS

A

j\

o

+ Me2 C ,'(OMe)

Br

(1)

Br

(ID

(4)
Scheme 3

This mechanism was confirmed by carrying out the reaction in methanol-d4. As
expected, the 2 -methoxy-2 -propyl cation was trapped to afford the
(d3 )-2,2-dimethoxypropane (Equation 1).

CH3 C+(OCH3 )CH 3

Eggelte

115

+

CD3OD --------- ►

CH3 C(OCD 3 )(OCH 3 )CH3 + D + (l)

also treated peroxide (1) with bromine in carbon tetrachloride, which

afforded the same ratio of the bicyclic bromides (4) and (5) of 3.2:1. Eggelte postulated a
similar mechanism with the bromide ion fulfilling the role played by methanol in
Equation 1. The anticipated product 2-bromo-l-methoxypropane, was an unknown
compound, but signals were observed in the !H NMR spectrum consistent with its
formation. Furthermore, when the sample was exposed to atmospheric moisture,
hydrogen bromide was evolved and the lH NMR signals disappeared to be replaced by a
signal corresponding to acetone. A similar ratio was also recorded for the reaction of
peroxide (1) with l,3-dibromo-5,5-dimethyl-hydantoin in diethyl ether though other
unidentified products were also generated. Finally, Eggelte treated peroxide (1) with
mercury(II) trifluoroacetate in dichloromethane for which no products were detected and
a 65% recovery of starting material was achieved.
It was decided on the basis of the results obtained with
l-hydroperoxycyclo-oct-4-ene (chapter 6 ), that it was worth repeating some of this work
using the high field 13C NMR method, and extending it to include some of the other
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electrophiles for which the reactions with the corresponding hydroperoxide have since
been studied.
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Results And Discussion

Peroxide (1) (Scheme 1) was prepared using mercury(II) acetate with perchloric
acid catalysis 7 in place of mercury(II) trifluoroacetate. This change did not alter the
mercuration product (3), but the overall yield of peroxide (1) was lower than that
recorded by Eggelte.27
The peroxide (1) was treated with a series of electrophiles in different deuterated
solvents. The reaction took the general form shown in Scheme 4 and the results are laid
out in Table 1. The products were identified on the basis of the signals in the 13C NMR
spectra.
The reactions of peroxide (i) with both Mbromosuccinimide (NBS) and
Miodosuccinimide (MS) in m eth an ol^ resulted in the production of
(d3 )-2 ,2 -dimethoxypropane. A result similar to that of Eggelte

115

for mercury(II)

trifluoroacetate was obtained with mercury(II) acetate, in that no products were detected.
When peroxide Q) was treated with m-chloroperoxybenzoic acid (MCPBA), initially
both the cis- and trarw-epoxyperoxides (6 ) and (7) were formed (Scheme 5) in a ratio of
55% to 45% which is very similar to the ratios obtained for the epoxidations with
MCPBA of l-hydroperoxycyclo-oct-4-ene (chapter 6 ) and l-hydroperoxycyclo-oct-3-ene
(chapter 8 ). Over a period of 8 days the trans-isomer (7) disappeared to be replaced by
the [3.3.1]bicyclic ether (8 ); none of the [4.2.1] ether was present.
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(1)

E = Br (4)

E = Br (5)

E = I (9)

E = I (10)
E = OH (8 )

Scheme 4
Table 1: Results of reactions of electrophiles with 1-r-butylperoxycyclo-oct-4-ene (1)
Reagent

Products

Solvent

[4.2.1] Ether

[3.3.1] Ether

NBS

CD2 Cl2

79% (4)

21% (5) b

Iodine

CD2 CI2

18% (9)

82% ( 1 0 )

MCPBA

c d 2c i 2

0

NBS

CD3 0 D

75% (4)

25% (5) c

MS

CD3 0 D

14% (9)

8 6 % (1 0 ) c

Iodine

CD3 0 D

15% (9)

85% (10)b

%

a. The mixture also contained 82% ds-epoxyperoxide (6 ).
b. The mixture included unreacted peroxide (1_).
c. The products included (d3 )-2,2-dimethoxypropane
NOTE. All percentages in this table are based on peak heights
of CH2 peaks in 13C NMR spectra and are in mol%.

18% (8 ) a
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OOtBu

\
X

\

OOtBu

OOtBu

\

MCPBA

\

CD2C12

( 1)

o

o

(6)

<Z)

55%

45%

Scheme 5
The results were generally in agreement with those observed by Eggelte.27,115
Those obtained with NBS and MS can easily be explained in terms of the mechanism
shown in Scheme 6 , with a reversible electrophilic attack on the double bond taking
place which allows all the peroxide to react via trans attack, as the reaction with
MCPBA, in which two epoxyhydroperoxides are produced, indicates that the two faces
of the double bond are attacked with roughly equal facility. The trans-ion (11) then
produces a trialkylperoxonium ion (13) via intramolecular alkylation of the peroxide.
The trialkylperoxonium ion (13) undergoes a Baeyer-Villiger-type cleavage to produce
the 2-methoxy-2-propyl cation and bicyclic ether (14). This cation reacts either with the
solvent in the case of methanol to produce 2 ,2 -dimethoxypropane and losing a proton to
the nucleophile, or is trapped by the nucleophile. The reaction of the
epoxjjhydrejperoxides (6 ) and (7) can be explained in terms of Scheme

6

if an initial

protonation of the epox>jhydfejperoxides takes place to yield ions similar to ( 1 1 ) and ( 1 2 ),
but only the fra/w-isomer ( 1 1 ) can subsequently react to form the bicyclic ether product
as there is no equilibrium which allows the cw-epoxide (6 ) to rearrange to the
trans-tpoxide (7). The apparent loss of the trans-isomer without a corresponding
increase in the signal intensity of the bicyclic ether would seem to indicate that some
product must be falling out of solution.
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OOtBu

OOtBu

OOtBu
>

E

OD
trans attack

B <1»
cis attack

5+ 5
E -N

Me
OtBu

Me
Me
E
(13)

MeOH

N‘

NH+Me2C(OMe)2

M e^ O M e

m

H ^^M e
Me2COMe

Me2 C+OMe +

A
o

N/
(14)

N
Scheme 6
There is a major reversal in the observed ratios of [4.2.1] to [3.3.1] ethers
between the reactions using NBS and those using iodine or M S. There is a considerable
amount of evidence eg>121 that indicates that the [3.3.1] skeletons are thermodynamically
favoured whereas the [4.2.1] skeletons are kinetically favoured. Thus the production of
the trialkylperoxonium ion in the reaction with NBS is under kinetic control, as the
[3.3.1]peroxonium ion should be thermodynamically more stable. However the converse
is true for the reactions involving iodine and M S which are evidently under
thermodynamic control, unlike the reactions involving these reagents with
l-hydroperoxycyclo-oct-4-ene (see chapter 6 , Results and Discussion). The other
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explanation for this change might be that the bicyclic ethers rearrange under reaction
conditions, but this appears not to be the case, as in the reactions of the same
electrophiles with l-hydroperoxycyclo-oct-4-ene (see chapter 6 , Experimental) identical
bicyclic ethers were produced in the presence of the starting electrophiles and allowed to
stand over a long period of time (approximately 2 weeks) with no change being observed
in their ratios according to to 13C NMR spectroscopy.
There is virtually no change in the product ratio between those reactions carried
out in dichloromethane-d2 and those in methanol-d4. This is in contrast to the results
obtained with the corresponding hydroperoxide (see chapter 6 , Results and Discussion)
which were attributed to competing radical and polar pathways. This would seem to
suggest that the reactions of the r-butyl-peroxy compound are wholly polar and therefore
not so solvent dependent.
An unsatisfactory aspect of the work was that except for the reactions of NBS and
MS in methanol-^, the fate of the f-butoxy group was unaccounted for. Enlarged sweep
width 13C NMR spectra were carried out in the case of the reactions with iodine and M S
to check for the possible production of methyl iodide, but no signal was observed at the
appropriate chemical shift. A possibility is that some of the insoluble products formed
contained the f-butoxy group and were therefore unobserved by 13C NMR spectroscopy.

Conclusion

The results in this chapter indicate that 1-r-butylperoxycyclo-oct-4-ene (1) reacts
with electrophiles to produce trialkylperoxonium ions, followed by oxygen-oxygen bond
cleavage to produce bicyclic ethers. The results confirm and extend the earlier work of
Bloodworth, Courtneidge and Eggelte.27
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Experimental

NOTE: Unless otherwise stated all ratios in this experimental section are based on CH2
peak heights in 13C NMR spectra.

/-Butyl Peroxymercuration of cis,cis-Cyclo-octa-l,5-diene (2)

Cyclo-octadiene (2) (1.62 g, 15 mmol) was dissolved in dichloromethane (5 ml)
and added to a stirred solution of mercuric acetate (4.78 g, 15 mmol), dried /-butyl
hydroperoxide (8.1 g, 90 mmol) and aqueous perchloric acid (60%, 3 mmol, 30 drops
from a Pasteur pipette) in dichloromethane (50 ml). After stirring for 15 minutes an
aqueous solution of potassium chloride (1.27 g, 16 mmol, 10 ml) was added. After
further stirring for 1 hour the mixture was filtered through Kieselguhr, and the
dichloromethane layer was separated and dried (MgS04). The solvent was first removed
under reduced pressure and the sample then dried under vacuum. The product was a
white solid. The yield of crude product was 51%.

l-/-butylperoxy-2-chloromercuriocyclo-oct-5-ene (3), 13C NMR (50 MHz, CDC13) ppm;
130.87 (-CH=), 128.32 (-CH=), 86.91 (CHO), 80.57 (OCMe3), 53.93 (CHHg), 32.93,
30.40, 27.29, 26.59 (3C, CH3), 22.59.

The 13C NMR data were consistent with those found in the literature. 115

Tributyltin Hydride Reduction of Mercurial (3) to l-/-Butylperoxycyclo-oct-4-ene
(1)

To a stirred mixture of tributyltin oxide (6.87 g, 11.4 mmol) and
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polymethylsiloxane (1.37 g), cooled in an ice/water bath, was added mercurial (3) (2.93
g, 6.65 mmol) over 15 minutes under nitrogen. After stirring for 2 hours at room
temperature, the mercury formed was removed by filtering through celite/silica. The
product was purified by first column chromatography (Si02, dichloromethane) and then
trap-to-trap distillation (0.1 mmHg). The yield was 31%, but the product still contained
some tri-fl-butyltin (approximately 3%) products.

1 -f-butylperoxycyclo-oct-4-ene

(1), 13C NMR (50 MHz, CDCI3 ) ppm; 130.07 (-CH=),

129.51 (-CH=), 84.80 (CHO), 79.61 (OCMe3), 32.14, 31.65, 26.49 (3C, CH3), 25.66,
25.49, 22.47.

The 13C NMR data were consistent with the those found in the literature. 115

NMR Studies of the Reactions of l-f-ButyIperoxycycIo-oct-4-ene (1) with
Electrophiles

1 -t-Butylperoxycyclo-oct-4-ene

( 1) (50 mg, 0.25 mmol) was dissolved in

deuterated solvent (1 ml). The solution was added to the reactant (0.25 mmol). The
reaction mixture was placed in a 5 mm NMR tube and a 13C NMR spectrum taken as
soon as possible after mixing.
The yields of the products, based on 13C NMR peak heights, are given in Table 1.
The spectroscopic data, experimental data and variations are listed below.

Reaction with N-Bromosuccinimide in D ichlorom ethane^
Not all the A-bromosuccinimide/succinimide was dissolved in solution. The
initial 13C NMR spectrum showed that only a small amount of reaction had taken place
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after 1 hour, a small amount of [4.2.1]bromide (4) having been formed. After 1 week the
majority of the peroxide had reacted yielding the bicyclic bromides (4) and (5). The
A-bromosuccinimide had all reacted to form succinimide. There were other unidentified
minor products.

13C NMR (100 MHz, CD2 C12) PPm’>
assigned tofra/w-2-bromo-9-oxabicyclo[4.2.1]nonane (4), 82.11 (CHO), 76.69 (CHO),
54.95 (CHBr), 35.51,35.20, 34.89,24.50, 23.08.
assigned to rra^-2-bromo-9-oxabicyclo[3.3.1]nonane (5), 70.36 (CHO), 66.39 (CHO),
52.50 (CHBr), 32.13, 31.49, 29.16, 23.96,18.62.
assigned to succinimide, 178.19 (C=0), 29.79 (CH2).

Reaction with Iodine in Dichloromethane-d-)
The reaction mixture went dark purple/brown and opaque. The 13C NMR
spectrum showed that the reaction was complete after 1 hour. No peaks were found in
the 13C NMR spectrum between 0 and -60 ppm.

13C NMR (100 MHz, CD2 C12) ppm;
assigned totra«j-2-iodo-9-oxabicyclo[4.2.1]nonane (9), 83.57 (CHO), 77.17 (CHO),
37.33, 36.49 (CHI), 35.62, 35.60, 25.62,25.43.
assigned to fr<ms-2-iodo-9-oxabicyclo[3.3.1]nonane (10), 71.22 (CHO), 66.63 (CHO),
33.31, 33.27,32.36 (CHI), 29.15,25.56,18.61.

Reaction with Mercury(II) Acetate in Dichloromethane-d?
After 10 days of mixing by immersion in an ultrasound cleaning bath there was
no reaction.
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Reaction with A-Bromosuccinimide in Methanol-d^
All the A-bromosuccinimide/succinimide was in solution in this reaction. The
13C NMR spectrum showed that the reaction was complete after 30 minutes. The
spectrum showed the peaks for the bicyclic ethers (4)/(5) and
(d3 )-2,2-dimethoxypropane. The spectrum also showed that all the A-bromosuccinimide
had reacted to form succinimide. The molar ratio of the bicyclic ethers to
dimethoxypropane was 1 : 1 .

13C NMR (100 MHz, CD3 OD) ppm;
assigned to rrarcs-2-bromo-9-oxabicyclo[4.2 .1 ]nonane (4), 83.38 (CHO), 77.98 (CHO),
55.14 (CHBr), 36.29, 36.16, 35.58, 25.28,23.93.
assigned to rra/w-2-bromo-9-oxabicyclo[3.3.1]nonane (5), 71.72 (CHO), 67.83 (CHO),
52.66 (CHBr), 32.84, 32.41,29.99,24.90,19.41.
assigned to succinimide, 181.48 (C=0), 30.57 (CH2 ).
assigned to (d3 )-2,2-dimethoxypropane, 101.25 (OCO), 48.63 (OCH3), 24.21 (CH3),
+1C.

The ratio of the peak heights for the peaks at 48.63 and 24.21 ppm, assigned to
(d3 )-2 ,2 -dimethoxypropane, was 1 :2 .

Reaction with A-Iodosuccinimide in Methanol-d^
The solution went purple on the addition of A-iodosuccinimide. All the
A-iodosuccinimide/succinimide was dissolved in solution. The 13C NMR spectrum
showed that the reaction was complete after 40 minutes and that unreacted
A-iodosuccinimide was left in solution but the rest had been converted to succinimide.

13C NMR (100 MHz, CD3 OD) ppm;
assigned to fra/tf-2-iodo-9-oxabicyclo[4.2.1]nonane (9), 84.82 (CHO), 78.31 (CHO),
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38.41, 36.44, 36.31, 36.03 (CHI), 26.45,26.21.
assigned to fra/ts-2-iodo-9-oxabicyclo[3.3.1]nonane (10). 72.47 (CHO), 67.85 (CHO),
34.32, 34.00, 31.93 (CHI), 29.98, 26.51,19.43.
assigned to A-iodosuccinimide, 182.68 (C=0), 30.20 (CH2).
assigned to succinimide, 181.43 (C=0), 30.56 (CH2).
assigned to (d3 )-2 ,2 -dimethoxypropane, 101.21 (OCO), 24.21 (CH3), +2C.

Reaction with Iodine in Methanol-d^
The reaction mixture went dark purple/brown on addition to the iodine. The 13C
NMR spectrum taken approximately 1 hour after addition showed that not all the starting
material had reacted. The products were the two bicyclic ethers (9) and (10). An enlarged
sweep width spectra showed no peaks between 0 and -60 ppm.

13C NMR (100 MHz, CD3 OD) ppm;
assigned to fra/ty-2-iodo-9-oxabicyclo[4.2.1]nonane (9), 84.75 (CHO), 78.26 (CHO),
38.32, 36.38, 36.27, 26.41,26.15, +1C.
assigned to rr<ms-2-iodo-9-oxabicyclo[3.3.1]nonane (10), 72.40 (CHO), 67.80 (CHO),
34.24, 33.97, 31.86 (CHI), 29.94, 26.46,19.38.
assigned to 1-r-butylperoxycyclo-oct-4-ene (1), 130.94 (-CH=), 130.50 (-CH=), 85.84
(CHO), 80.52 (OCMe3), 33.07, 32.64, 26.76 (3C, CH3), 26.54, 26.46, 23.22.

Reaction with m-Chloroperoxvbenzoic Acid in Dichloromethane-dp

The initial spectrum showed most of the peracid consumed with large peaks
evident for m-chlorobenzoic acid. There were 2 products with peaks in the region 90-15
ppm, which were identified as ris-4,5-epoxy-1-r-butylperoxycyclo-octane (6 ) and
trans-4,5-epoxy- 1-f-butylperoxycyclo-octane (7) in the molar ratio of 56% (6 ) and 44%
(7). After

8

days the signals for (7) had disappeared with peaks appearing for
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e/idb-9-oxabicyclo[3.3.1]nonan-2-ol (8 ). According to 13C NMR spectrum the molar
ratio of the final products was 82% (6 ) and 18% (8 ).

Initial 13C NMR (100 MHz, CD2 C12), in a mixture containing MCPBA and MCBA ppm;
assigned to cw-4,5-epoxy-l-r-butylperoxycyclo-octane (6 ), 84.49 (CHO), 79.80
(OCMe^, 55.25 (CHO), 55.22 (CHO), 32.85,28.99, 28.58, 26.41 (CH3), 24.02. 22.48.
assigned to trans-4,5-epoxy - 1 -r-butylperoxycyclo-octane (7), 84.75 (CHO), 79.86
(OCMe3), 55.35 (CHO), 55.13 (CHO), 31.77,29.97, 26.38 (CH3), 24.73,24.44,22.94.
Extra peaks in final 13C NMR (100 MHz, CD2 C12), in a mixture containing MCPBA and
MCBA ppm; assigned to emfo-9-oxabicyclo[3.3.1]nonan-2-ol ( 8 ), 70.41 (CHO), 69.39
(CHO), 66.54 (CHO), 29.43 (2C), 28.05,22.58,18.93.

The 13C NMR data for the bromides (4) and (5) produced in these experiments
were consistent with those reported in the literature. 120 The iodides (9) and (10) are both
known compounds, 121,122 but no 13C NMR data have been reported for them. The
assignments here are based on data gained from repeating the literature experiments with
cyclo-oct-4-en-l-ol (reported in chapter 6 , Experimental). The 13C NMR data for the
hydroxy-bicyclic ether (8 ) was consistent with that reported in the literature . 114 The 13C
NMR spectra of the epoxyhydroperoxides (6 ) and (7) were assigned due to the
disappearance of one set of peaks over the course of the reaction. The assignments for
2,2-dimethoxypropane, A-bromosuccinimide, A-iodosuccinimide and succinimide (see
Appendix 2) were made on the basis spectra of authentic samples in dichloromethane-d2
and methanol-d4.
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The availability of l-hydroperoxycyclo-oct-3-ene (1) (Figure 1, see Chapter 5)
provided an opportunity to compare its chemistry with that of
l-hydroperoxycyclo-oct-4-ene (28) (see Chapter 6 ). The role of the 4-isomer as a
gem-dialkylperoxonium ion precursor depends upon the single oxygen-bridged skeletons
being stereochemically preferred to the alternative bicyclic peroxides. However, new
posibilities offered by the 3-isomer would perhaps provide further indirect evidence of
the validity of this interpretation. Also, new routes to bicyclic peroxides might become
available given the recent developements, discussed below, in analogous acyclic
systems.
OOH

Q)
Figure 1
The chemistry closest to that proposed was carried out by Bloodworih, Khan and
Loveitt (1981),52 who reported the peroxymercuration followed by sodium borohydride
reduction of aXds-cyclo-octa-1,4-diene (11) to produce 8,9-dioxabicyclo[5.2.1]decane
(12) (Scheme 1). This reaction must have involved the generation of a
mono-hydroperoxymercurated molecule (13). which is analogous to
l-hydroperoxycyclo-oct-3-ene (1). Reaction of this hydroperoxide with more mercury(II)
trifluoroacetate then afforded the ds-mercurated peroxide, which is clearly the precusor
of ( 1 2 ).
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Bloodworth and Leddy (1979)142 postulated an isomeric monomercurated
l-hydroperoxycyclo-oct-3-ene (41) to account for the dibromo-bicyclic[5.2.1]peroxide
(42) obtained on treating l-hydroperoxycyclo-oct-2-ene (40) with mercury(II)
trifluoroacetate then bromine (Scheme 2).
HgX

“ V ooaH gx, f

'

°°»

I

H2 0 2 \
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OOH
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►[
/

/

HgX
Br2 Brw / ^

>T o .
-------- *►

HgX 2

k

oV

°
(42)

(41)

x=

Br

o co cf3

Scheme 2
Again bicyclic peroxide formation was observed.
Acyclic y,5-unsaturated hydroperoxides have received rather more attention and
reactions with both electrophiles and radical sources have been reported. Thus, Porter et
al. (1978)53 conducted the cycloperoxymercuration of hydroperoxyalkenes (5-7) with
mercury(II) nitrate to produce 5-membered ring peroxides (8-10) with no evidence for
formation of the possible 6 -membered ring isomers (Scheme 3).
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0-0

H gB r

OOH (7 )
a) H g((N0 3 )2 .H20 , CH2C12
b) K B r^)
Scheme 3
The preferred formation of the 1,2-dioxolanes ( 8 ), (9) and (10) from
hydroperoxyalkenes (5), (6 ) and (7) was as expected from Baldwin’s rules for
cyclisation. 136 Baldwin suggested that the rules for opening three-membered rings to
form cyclic structures seem to lie between those for tetrahedral and trigonal systems, exo
modes generally being preferred. Thus, nucleophilic attack of the hydroperoxide on the
mercurinium-alkene complex should lead to exo cyclisation as is observed for (5), (6 )
and (7).
More recently, Bloodworth and Curtis (1989)134 have reported a series of
halogenocyclisations using similar y,5-unsaturated hydroperoxides. Apart from two
isolated examples of cycloperoxybromination, 139,140 these are the first examples of such
a process. The hydroperoxyalkenes (14) were treated with N-bromosuccinimide and with
N-iodosuccinimide to produce a series of 5-membered ring peroxides (15) (Scheme 4).
Ri

Ri

0-0

(15)
X = Br or I

Scheme 4

X

o

o
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These reactions were expected to proceed by a polar mechanism analogous to
that for cycloperoxymercuration. However, the results obtained with cis and
frarts- l-hydroperoxyhex-3-ene (14, R ^ H , R 2 ,R3 = H, Et) revealed a more complicated
picture (Scheme 5).
H

or

I N
O—O

<Et

+

H -N

Scheme 5
It was suggested that these reactions with N-iodosuccinimide proceeded by a
radical chain mechanism, since the cis and Trans-hydroperoxides gave identical mixtures
of diastereomeric iodides. The reactions with N-bromosuccinimide, on the other hand,
each gave principally one isomer, thus leading to the conclusion that in this case there
were two competing processes, a polar mechanism which was favoured and a radical
mechanism.
Further halogenocyclisations were achieved using molecular iodine or bromine in
pyridine, thereby converting hydroperoxide (14, R ^ R2= H, R3= Et) into the
corresponding 1,2 dioxolane (15). In the case of the reaction with bromine the
non-cyclised dibromo addition product was also formed.
Porter et al. (1976)124 studied unambiguously radical cyclisations of
y,5-unsaturated hydroperoxides (2) by treating them with di-T-butyl peroxyoxalate in the
presence of oxygen, followed by reduction with triphenylphosphine, to afford a series of
5-membered ring peroxides (4) (Scheme 6 ). Peroxyl radical cyclisation followed by
radical trapping by oxygen leads to the hydroperoxy-subsituted 1 ,2 -dioxolane
intermediates (3).
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Scheme 6

The preference for the 5-membered rings which were obtained by exo radical
cyclisation are in agreement with the predictions of Beckwith et al.

137,138

for radical

cyclisations.
Finally, Bloodworth, Curtis and Mistry (1989)62 recently reported several
reactions of 3-hydroperoxymethylhexa-l,5-diene (16) which produced a series of
5-membered ring peroxides in preference to 6 -membered ring peroxides (Scheme 7).

i) DBPO, 0 2

HO

M--------ii) Ph3P

0-0

MS
OOH

0-0

(16)

(17)

(18)

i)H g((N 0 3 )2 .iH 20
ii) KBr(aq)

Br

HgBr HgBr
+

0-0
(22)

Br

\

0-0

0-0

(21)

(20)

O
(19)

Scheme 7
The hydroperoxide (16) only cyclises via the favoured exo mode, both under
radical conditions and in reactions with electrophiles. In the radical reactions (D B P0/0 2
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and M S), no 1,2 dioxanes were detected and in the polar mercuration a 2:1 mixture of
the 5- (21) and the 6 -membered ring peroxide (22) was obtained. Clearly the
5-membered ring is preferred when 5-exo and 6-exo pathways are both available. The
formation of the cyclic ether (19) in the reaction with Mbromosuccinimide, which is
expected to proceed by polar mechanism, would seem to indicate the intermediacy of a
gem-dialkylperoxonium ion.
Consequently with these results in mind, the reactions of
l-hydroperoxycyclo-oct-3-ene (1) were expected to provide an interesting comparison
with those of l-hydroperoxycyclo-oct-4-ene.
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Results And Discussion

Initially, l-hydroperoxycyclo-oct-3-ene (1) was produced as a byproduct in the
tosylhydrazine synthesis of l-hydroperoxycyclo-oct-4-ene (28) (see chapter 5, Results
and Discussion). In order to confirm the structure of the additional hydroperoxide, the
mixture was treated with mercury(II) acetate and the products were observed by 13C
NMR spectroscopy. The mercurials expected from the reaction of hydroperoxide (28)
were found, but the major product was a new bicyclic organomercurial peroxide which,
by comparison with bi's-mercurated and mercury-free bicyclic[5.2.1]peroxides (Scheme
l ) , 52 was identified as #ms-2-acetoxymercurio-8,9-dioxabicyclo[5.2.1]decane (23)
(Scheme 8 ).

60% (28) Hg ( Q A <^ 2
40% (1)

c d 2q

2

Ultrasound

\ —V
HgOAc
(24)
28%

x
HgOAc HgOAc

HgOAc

(25)

(27)

(26)

7%

5%

3%

HgOAc
(23)
37%

+ 2 0 % hydroperoxide (28)
Scheme

8

The amount of mercurial (23) in the final mixture was roughly equivalent to the
amount of additional hydroperoxide (1) in the starting mixture. The structure of
mercurial (23) was confirmed by sodium borohydride reduction since the known bicyclic
peroxide (12) was obtained in a similar quantity (Scheme 9).
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47%

(30)
23%

( 12)

30%

Scheme 9
Due to high noise levels in the 13C NMR spectrum it was not possible to confirm
the presence of bicyclic ether products also expected to be formed in the above reaction.
l-Hydroperoxycyclo-oct-3-ene (1) was subsequently synthesized independently (see
chapter 5 ) and investigation into its reactions carried out.

Reaction of l-Hydroperoxycyclo-oct-3-ene (I) with Electrophiles

l-Hydroperoxycyclo-oct-3-ene (1) was treated with a variety of electrophiles
(E5 +-N5') in different solvents, the products being identified by 13C NMR spectroscopy.
The reactions followed a general pattern (Scheme 10) and the results are shown in Table
1.
All the new bicyclic[5.2.1]peroxides produced in these reactions were isolated by
semi-preparative HPLC and then fully characterised by NMR spectroscopy and high
resolution mass spectrometry. The bicyclic mercurial (23) was converted into the less
polar organomercury(II) bromide prior to purification by HPLC.
When hydroperoxide (1) was treated with mercury(II) acetate under
ultrasonication, it was found to form the bicyclic peroxide at a considerably faster rate
than was observed with the 4-isomer (28) (see chapter 6 ). This possibly indicates that
less steric strain is involved in producing the [5.2.1] skeleton than the [3.3.2] and [4.2.2]
skeletons
When the reaction mixtures were left to stand over a period of 3 days at room
temperature, the 13C NMR spectra showed that, with the exception of the mercurial (23)
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OOH

OH

(1)

E = Br (34)

(32)

O

(31)

E = I (33)
E = OH (35)
E = HgOAc (23)
Scheme 10
Table 1: Results of Reactions of Electrophiles with l-Hydroperoxycyclo-oct-3-ene

Reagent

Solvent

Products
[5.2.1] Peroxide

Alcohol (32)

Ketone (31)

NBS b

c d 2c i 2

51% (34)

_c

49%

MS

c d 2c i 2

28% (33)

17%

55%

Iodine b

c d 2c i 2

79% (33)

21%

Hg(OAc ) 2 a

c d 2c i 2

94% (23)

NBS b

c d 3o d

100% (34)

MS

CD3 0 D

90% (33)

Iodine

C5 D5 N

-c (33)

MCPBA d

CD 2 C12

49% (35)

_c

_c

_c

_c

_c

10%

100%

_c

a. Products included 6 % bicyclic[3.3.1]peroxide (24).
b. Products included unreacted hydroperoxide (1).
c. None detected by 13C NMR spectroscopy.
d. Products included 51% ds-epoxyhydroperoxide (36).
NOTE. All percentages in this table are based on peak heights of CH 2 peaks
in 13C NMR spectra and are in mol%.

_c

_c
_c
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and the MCPBA product (see below), the bicyclic[5.2. l]peroxides had decomposed.
In order to prove the identity of iodide (33). mercurial (23) was iododemercurated
(Scheme 11) . 8 Two isomeric iodides were obtained, one of which matched the spectral
characteristics of (33), with the other presumably being the cw-isomer (38). The mixture
of iodides was separated by HPLC and the c/s-iodide (38) was fully characterised, as
described earlier.

H g°Ac

I

I

CH2CI2
A
(23)

(38)

(33)

Scheme 11
Iodine reacted slowly with hydroperoxide (1) in pyridine-d 5 over a period of 3
days to produce alcohol (32). It was considered that this reaction might have been due to
reduction by the solvent, but no change was observed when a sample of hydroperoxide
(1 ) was left over a similar period of time in pyridine-dsOn reaction with m-chloroperoxybenzoic acid (80%, MCPBA), hydroperoxide
(1) afforded two epoxy hydroperoxides (36)7(37). When the solution was allowed to
stand, the signals for epoxyhydroperoxide (37) disappeared, from which it was identified
as the trans-isomeiy to be replaced by signals for the bicyclic alcohol (35) (Scheme 12).
The cw-epoxyhydroperoxide (36) was separated by semi-preparative HPLC and was
fully characterised as described earlier.
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The non-peroxidic products, alcohol (32) and ketone (31), were each separately
treated with A-bromosuccinimide (A/BS), iV-iodosuccinimide (MS), iodine and mercuric
acetate. No reaction occurred over the normal reaction period of up to 2 hours, thus
confirming that these are end products.
As can be seen from Table 1, the formation of alcohol (32) and ketone (31) in the
reactions with Mhalogensuccinimides was suppressed on changing the solvent from
dichloromethane-d 2 to the more polar methanol-d4.
When comparing the results of reactions of hydroperoxide (1) (Table 1) with
those found for the isomeric l-hydroperoxycyclo-oct-4-ene (28) (see chapter 6 ), the
striking difference is that bicyclic peroxides are formed as opposed to bicyclic ethers, the
only similarity being observed in the reactions with mercury(II) acetate. It seems
unlikely that the bicyclic peroxides are produced by a radical mechanism, but the
accompanying ketone (31) and alcohol (32) products probably are. This conclusion is
supported by the following observations.
1)

Solvent effect When the reactions are carried out in more polar solvents, eg.

methanol-d4, which should decrease the extent of radical reactions, the proportion of
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bicyclic peroxides obtained increases.
2) Stereochemistry. In a radical reaction, both stereoisomers should be observed
as in the iododemercuration of mercurial (23) (Scheme 11), but all the
bicyclic[5.2.1]peroxides were obtained as single (presumably trans) isomers.
3) r-Butoxyl radical reaction. When hydroperoxide (1) was treated with di-r-butyl
peroxyoxalate in the presence of oxygen, the major product was ketone (31) (60%) with
alcohol (32) (11%) as a minor product. The mechanism for the formation of these
products is presumably parallel to that presented in chapter 6 (see chapter 6 , Scheme 14)
to account for the very similar result obtained with the isomeric
1-hydroperoxycyclo-oct-4-ene (28), ie. a combination of Russell peroxyl radical
disproportion and radical-induced carbonyl-forming elimination. However, unlike its
oct-4-ene isomer (28), hydroperoxide (1) also afforded a bicyclic peroxide,
8,9-dioxabicyclo[5.2.1]decan-2-one (39), in 28% yield. The peroxy radical generated
from hydroperoxide (1) and the f-butoxyl radical must undergo some cyclisation. The
resultant radical absorbs oxygen to produce another peroxyl radical and hence the
2-hydroperoxy bicyclic[5.2.1]peroxide. This subsequently reacts by radical-induced
carbonyl-forming elimination, in a similar fashion to the majority of hydroperoxide ( 1),
to afford the ketone (39) (Scheme 13). The peroxyketone (39) was isolated by
semipreparative HLPC and fully characterised as described earlier.
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This result could offer an alternative explanation for the formation of bicyclic
peroxides in the reactions of the electrophiles with hydroperoxide ( 1 ), particularly in the
case of M S in dichloromethane-d2 where the product ratio is very similar. However, the
peroxyketone (39) was only a minor product and as pointed out before, the
stereospecificity of the reaction seems to be incompatible with such a pathway.
On balance it seems more probable that the bicyclic peroxides are produced by a
polar mechanism (Scheme 14). The electrophile reacts with hydroperoxide (1) reversibly
to produce an intermediate ion, which in the case of the trans-isomer (40) is then
attacked by the hydroxyl oxygen of the hydroperoxide group to form a
v/cw<z/-dialkylperoxonium ion (41). The peroxonium ion subsequently looses a proton to
produce the bicyclic peroxide.
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In the case of MCPBA (E = OH), the intermediate undergoes deprotonation to
form the stable epoxyhydroperoxides (36)/(37), of which only the trans-isomer reacts
further to produce the bicyclic peroxide.
Therefore the reactions of both hydroperoxide (I) and its isomer (28) would
appear to follow polar mechanisms. Thus, the difference in reaction pathway between the
reactions of the hydroperoxide ( 1 ) and its isomer (28) would seem to be determined by
the minimization of steric strain in the Transistion State for intramolecular attack of
oxygen on the bridged ion which results in different products being formed. Hence
hydroperoxide (28) reacts in the boat form which places the nonhydroxyl oxygen close to
the 3-membered ring ion in the transition state analogous to (40) (Figure 2 (a)). Whereas
hydroperoxide Q), when treated to produce ion (40). reacts in the chair form in the
transition state, so placing the hydroxyl oxygen closest to the 3-membered ring ion and
thus enabling the production of bicyclic peroxides as opposed to bicyclic ethers (Figure 2
(b)).
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Conclusion

l-Hydroperoxycyclo-oct-3-ene (1) reacts under both polar and radical conditions
to produce bicyclic[5.2.1]peroxides, thus obeying both Baldwin’s rules for cyclisation
which predict exo addition and Beckwith’s rules for radical cyclisation which predict the
formation of a 5-membered ring (providing these rules are applicable to bicyclic
systems). These results represent the first series of cycloperoxyhalogenation reactions
and the first peroxyl radical cyclisation, to afford bicyclic peroxides.
The difference in reaction pathways for hydroperoxide (1) and
l-hydroperoxycyclo-oct-4-ene (28) seems to be due to the difference in structure and
therefore this change is similar to that observed in acyclic systems when y,5- and
5,e-unsaturated hydroperoxides are compared (see Scheme 5, reaction with A^BS) . 63,134
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Experimental

NOTE: Unless otherwise stated all ratios in this experimental section are based on CH 2
peak heights in 13C NMR spectra.

Reaction of M ercury(II) Acetate with a M ixture of H ydroperoxides from the
Sodium Cyanoborohydride Reduction A-tosylhydrazone of Cyclo-oct-4-en-l-one
(see chapter 5)

A mixture of l-hydroperoxycyclo-oct-4-ene (28) (60%) and
l-hydroperoxycyclo-oct-3-ene (1) (40%) (58 mg, 0.41 mmol) was dissolved in
dichloromethane-d 2 (1 ml). The solution was added to mercury(II) acetate (131 mg, 0.41
mmol). After 5 hours of mixing by ultrasonic irradiation, the 13C NMR spectrum showed
that all hydroperoxide ( 1 ) had reacted but there was still some
l-hydroperoxycyclo-oct-4-ene left. The main products of the reaction were
rrart£-2-acetoxymercurio-8,9-dioxabicyclo[5.2.1]decane (23) and
rrarts-2-acetoxymercurio-9,10-dioxabicyclo[3.3.2]decane (24) with the minor products
being rratts-2-acetoxymercurio-9,10-dioxabicyclo[4.2.2]decane (25),
fr<ms-2-acetoxymercurio-9-oxabicyclo[3.3.1]nonane (26) and
fr<ms-2-acetoxymercurio-9-oxabicyclo[4.2.1]nonane (27). The final molar ratio of the
products was 37% (23), 28% (24), 7% (25), 3% (26), 5% (27) and 20% (28).

13C NMR (100 MHz, CD 2 C12) ppm;
assigned to fraAW-2-acetoxymercurio-8,9-dioxabicyclo[5.2.1]decane (23), 176.81 (C 02),
80.42 (CHO), 78.11 (CHO), 54.07 (CHHg), 47.56, 31.94, 30.54, 28.80, 25.02, 21.86
(CH3)*
assigned to trflrt5 -2 -acetoxymercurio-9 , 1 0 -dioxabicyclo[3 .3 .2 ]decane (24), 176.81 (C 02),
86.21 (CHO), 83.91 (CHO), 47.70 (CHHg), 32.91, 32.70, 31.27, 29.51, 24.02, 21.86
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(CH3).
assigned to rrajw-2-acetoxymerciirio-9,10-dioxabicyclo[4.2.2]decane (25), 176.81 (C 02),
79.35 (CHO), 76.26 (CHO), 54.50 (CHHg), 34.41, 30.75, 28.30, 23.21, 22.03,21.86
(CH3)assigned to rra«j-2-acetoxymercurio-9-oxabicyclo[3.3.1]nonane (27), 176.81 (CO2 ),
70.59 (CHO), 67.97 (CHO), 50.69 (CHHg), 33.11,26.79, 21.86 (CH3), 19.61, +2C.
assigned to frarcs-2-acetoxymercurio-9-oxabicyclo[4.2.1]nonane (26), 176.81 (CO 2),
76.68 (CHO), 35.39, 30.41, 30.36,26.53, 21.86 (CH3), +3C.
assigned to l-hydroperoxycyclo-oct-4-ene (28), 129.98 (-CH=), 129.80 (-CH=), 86.61
(CHO), 32.01, 31.76,25.74, 25.47,22.36.

The 13C NMR data for the known organomercurials were consistent with those
reported in the literature for the bicyclic peroxides (24) and (25) (see chapter 6 ,
Experimental) , 126,127 and the bicyclic ethers (26) and (27) (see chapter 6 ,
Experimental) . 120 The assignments for hydroperoxide (28) were made on the basis of the
spectrum of an authentic sample in dichloromethane-d2 (see chapter 5, Experimental).

Sodium Borohydride Reduction of Mixture of Organomercurials from Reaction
using Hydroperoxide (28) and Hydroperoxide (1)

A mixture of organomercurials (23). (24), (25), (26) and (27), produced by the
above experiment (0.41 mmol), was dissolved in dichloromethane (10 ml). The mixture
was placed in a 50 ml three-necked round bottomed flask equipped with a pressure
equalising addition funnel and a thermometer. A cooled solution of sodium borohydride
(16 mg, 0.41 mmol) in aqueous sodium hydroxide solution (3M, 10 ml) was added to the
stirred reaction mixture which was cooled by an ice/salt bath ensuring that the
O
temperature of the reaction mixture stayed below 5 C. When addition was complete the
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reaction mixture was stirred for 30 minutes at 0 C and then allowed to warm slowly to
room temperature. The organic layer was separated and the aqueous layer extracted with
dichloromethane ( 3 x 1 0 ml). The combined organic layers were then filtered through a
sintered glass funnel (2 cm diam.) containing silica (1 cm) covered with Celite (0.2 cm).
The solvent was removed under reduced pressure. The yield of crude product was 19%
from the starting hydroperoxides assuming bicyclic peroxide products. According to the
13C NMR spectrum the products of the reaction were 8,9-dioxabicyclo[5.2.1]decane
(12). 9,10-dioxabicyclo[3.3.2]decane (29) and 9,10-dioxabicyclo[4.2.2]decane (30). The
molar ratio of the products was 30% (12), 47% (29) and 23% (30).

13C NMR (100 MHz, CD2 C12) ppm;
assigned to 8,9-dioxabicyclo[5.2.1]decane (12), 77.74 (2C, CHO), 45.22, 33.19 (2C),
26.25, 25.31 (2C).
assigned to 9,10-dioxabicyclo[3.3.2]decane (29), 84.28 (2C, CHO), 31.60 (4C), 24.00
(2C).
assigned to 9,10-dioxabicyclo[4.2.2]decane (30), 76.33 (2C, CHO), 34.81 (2C), 24.71
(2C), 20.84 (2C).

The 13C NMR data were consistent with those reported in the literature .52

NMR Studies of the Reactions of l-Hydroperoxycyclo-oct-3-ene (1) with
Electrophiles

l-Hydroperoxycyclo-oct-3-ene (1) (50 mg, 0.35 mmol) was dissolved in
deuterated solvent (1 ml). The solution was added to the reactant (0.35 mmol). The
reaction mixture was placed in a 5 mm NMR tube and a 13C NMR spectrum taken as
soon as possible after mixing.
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The yields of the products, based on 13C NMR peak heights, are given in Table 1.
The spectroscopic data, experimental data and variations are listed below.

Reaction with iV-Bromosuccinimide in Dichloromethane-do
On addition of the hydroperoxide to N-bromosuccinimide a gas was evolved. Not
all the N-bromosuccinimide/succinimide was dissolved in solution. The 13C NMR
spectrum showed that after

1

hour there was hydroperoxide ( 1) still left but not all the

/V-bromosuccinimide had been converted to succinimide. The spectrum also contained a
number of unassigned peaks which would constitute a major cyclo-octyl product, the
signals would seem reasonable for the dibromo addition product when compared with
those of a similar molecule the literature.52

13C NMR (100 MHz, CD2 C12) ppm;
assigned to rrarts-2-bromo-8,9-dioxabicyclo[5.2.1]decane (34), 81.30 (CHO), 77.11
(CHO), 55.90 (CHBr), 42.24, 34.60, 30.94,25.18, 21.11.
assigned to l-hydroperoxycyclo-oct-3-ene (1), 132.41 (-CH=), 125.82 (-CH=), 85.52
(CHO), 29.23, 28.87, 28.51, 25.86,21.57.
assigned to cyclo-oct-3-en-l-one (3D, 131.30 (-CH=), 124.26 (-CH=), 44.14,42.22,
27.17, 25.65, 24.51, +1C.
unassigned peaks, 81.92, 61.01, 56.09, 36.62, 32.67, 29.35, 28.47, 21.30.
assigned to N-bromosuccinimide, 28.87 (CH^, +1C.
assigned to succinimide, 178.38 (C=0), 29.73 (CH2).

Reaction with N-Iodosuccinimide in Dichloromethane-d?
The solution went purple on the addition of N-iodosuccinimide. Not all the
succinimide was dissolved in solution. The 13C NMR spectrum showed that some
hydroperoxide (D was left but all the N-iodosuccinimide had been converted to
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succinimide.

13C NMR (100 MHz, CD 2 C12) ppm;
assigned to frans-2-iodo-8,9-dioxabicyclo[5.2.1]decane (33), 82.53 (CHO), 77.43
(CHO), 43.41, 38.80 (CHI), 35.64, 31.07, 24.90,23.51.
assigned to cyclo-oct-3-en-l-ol (32), 132.27 (-CH=), 126.33 (-CH=), 72.22 (CHO),
35.03, 34.01,28.43,25.95,21.36.
assigned to cyclo-oct-3-en-l-one (31), 131.31 (-CH=), 124.28 (-CH=), 44.15,42.23,
27.17, 25.65, 24.52, +1C.
assigned to succinimide, 178.40 (C=0), 29.74 (CH2).

Reaction with Iodine in Dichloromethane-d?
The reaction mixture went dark purple/brown. The 13C NMR spectrum showed
that after

1

hour a small amount of hydroperoxide ( 1) was still left.

13C NMR (100 MHz, CD 2 C12) ppm;
assigned to rr<my-2-iodo-8,9-dioxabicyclo[5.2.1]decane (33), 82.59 (CHO), 77.47
(CHO), 43.47, 38.86 (CHI), 35.70, 31.13,24.95,23.57.
assigned to cyclo-oct-3-en-l-ol (32), 130.35 (-CH=), 126.35 (-CH=), 72.23 (CHO),
35.15, 34.11, 28.49, 25.81, 21.40.

Reaction with MercurvdD Acetate in Dichloromethane-dp
The NMR tube was placed in an ultrasound bath and sonicated over the period of
4 days. After sonication, the tube still contained a white solid. The 13C NMR showed the
reaction to be complete but the products also contained a little of the [3.3.2]bicyclic
peroxide (24) produced from l-hydroperoxycyclo-oct-4-ene (28) impurity in the starting
material.
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13C NMR (100 MHz, CD2 C12 ) PPm;
assigned to rr<ms-2-acetoxymercurio-8,9-dioxabicyclo[5.2.1]decane (23), 176.75s (C 02),
80.45d (CHO), 78.12d (CHO), 53.99d (CHHg), 47.55t, 31.96t, 30.56t, 28.81t, 25.02t,
21.79q (CH3).
assigned to rra/tf-2-acetoxymercurio-9,10-dioxabicyclo[3.3.2]decane (24), 176.75 (C 02),
86.25 (CHO), 83.91 (CHO), 47.77 (CHHg), 32.92, 32.72, 31.28, 29.53, 24.02, 21.79
(CH3).

Mercurial (23) (0.35 mmol), produced as described above, was dissolved in
dichloromethane (5 ml) and stirred with aqueous potassium bromide (46 mg, 0.39 mmol,

5 ml) for 30 minutes. The organic layer was separated and the aqueous layer extracted
with dichloromethane ( 3 x 5 ml). The combined organic fractions were dried (M gS04)
and the solvent was removed. The product was a white solid. The yield of crude product

(23)Br was 51%. The final product contained a little unreacted hydroperoxide (1).

13C NMR (100 MHz, CD2 C12) ppm;
assigned to rra/ts-2-bromomercurio-8,9-dioxabicyclo[5.2.1]decane (23)Br, 80.48 (OHO),
78.12 (CHO), 63.87 (CHHgBr), 47.82, 32.03, 31.02,29.01, 25.25.

The mixture was separated using semi-preparative HPLC (5 |im S i0 2, 50 x 4.6
mm + 2 x (250 x 7 mm), 12.5% ethyl acetate in hexane). The elution order was
hydroperoxide (1) and then bicyclic[5.2.1]peroxide. The separated organomercurial
(23)Br was submitted for accurate mass spectrometry.

frflrts-2-bromomercurio-8,9-dioxabicyclo[5.2.l]decane (23)Br
13C NMR (100 MHz, CD2 C12) ppm; 80.46 (CHO), 78.11 (CHO), 63.89 (CHHg), 47.83,
32.04, 31.01, 29.02, 25.25.
lH NMR (400 MHz, CDC13) ppm; 4.71 (ddd, 3 J!_2= 4.8 Hz, 3Ji_10c= 9.2 Hz, 3 JUOt= 1-5
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Hz, 1H, ‘CHO), 4.59-4.54 (m, 1H, 7 CHO), 3.36-3.33 (m, 1H, 2 CHHg), 3.09 (ddd,
2 JiOc-iOt=
3 J7.10,=

12-7 Hz, 3J 7 .10c= 10.2 Hz, 1H,

10CHC),

2.65-2.58 (m, 1H, 3 CH), 2.50 (ddd,

2.7 Hz, 1H, “’e m 2.20-2.12 (m, 1H, 3 CH), 2.04-1.95 (m, 2H, 6 CH 2 ), 1.88-1.69

(m, 3H, 4 CH, 5 CH 2 ), 1.50-1.41 (m, 1H, 4 CH).
Mass spec. Calculated for C 8H 1379 Br20 0 HgO 2 419.9782. Found 419.9789.

The *H NMR assignments were made on the basis of decoupling experiments.

Reaction with A-Bromosuccinimide in Methanol-d/|
All the A-bromosuccinimide/succinimide was in solution in this reaction. The
solution turned brown on addition of the hydroperoxide to the iV-bromosuccinimide.
After 30 minutes the 13C NMR spectrum showed that most of the hydroperoxide (1) been
consumed but there was still unreacted iV-bromosuccinimide.

13C NMR (100 MHz, CD3 OD) ppm;
assigned to rra/w-2-bromo-8,9-dioxabicyclo[5.2.1]decane (34), 82.46 (CHO), 78.15
(CHO), 56.60 (CHBr), 43.11, 35.60, 30.30, 26.19, 22.16.
assigned to l-hydroperoxycyclo-oct-3-ene (1), 133.03 (-CH=), 127.15 (-CH=), 86.27
(CHO), 30.51, 29.82, 29.58,26.74, 22.60.
assigned to N-bromosuccinimide, 29.62 (C b y , +1C.
assigned to succinimide, 31.84 (CH2), + 1 C.

The reaction mixture was separated using semi-preparative HPLC (5 |im S i0 2, 50
x 4.6 mm + 2 x (250 x 7 mm), 12.5% ethyl acetate in hexane). The elution order was
bromide (34) and then hydroperoxide (1). The separated bromide (34) was submitted for
accurate mass spectrometry.
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fraws-2-bromo-8,9-dioxabicyclo[5.2. l]decane (34)
13C NMR (100 MHz, CDC13) ppm; 81.17 (CHO), 77.67 (CHO), 55.46 (CHBr), 42.27,
34.47,30.96,25.08,20.99.
‘H NMR (400 MHz, CDCI3 ) ppm; 4.58-4.52 (m, 2H, ‘CHO, 7 CHO), 4.48-4.45 (m, 1H,
2 CHBr),
6 CH 2 ),

2.96-2.82 (m, 2H,

10CH2),

2.41-2.23 (m, 4H, 3 CH 2 , “CHz), 2.03-1.97 (m, 2H,

1.80-1.65 (m, 2H, 5 CHi).

Mass spec. Calculated for CgII1379 Br0

2

220.0099. Found 220.0096.

The *H NMR assignments were made on the basis of decoupling experiments.

Reaction with N-Iodosuccinimide in Methanol-d/j
The solution went purple on the addition of N-iodosuccinimide. All the
A-iodosuccinimide/succinimide was dissolved in solution. The 13C NMR spectrum
showed that the hydroperoxide (1 ) had been consumed but that unreacted
/V-iodosuccinimide was left in solution with the rest having been converted to
succinimide.

13C NMR (100 MHz, CD3 OD) ppm;
assigned to fra/z.s-2-iodo-8,9-dioxabicyclo[5.2.1]decane (33), 83.70 (CHO), 78.46
(CHO), 44.26, 38.85 (CHI), 36.63, 31.95,25.86, 24.55.
assigned to cyclo-oct-3-en-l-one (31), 132.03 (-CH=), 125.30 (-CH=), 44.88,43.09,
28.03, 26.35, 25.28, +1C.
assigned to A-iodosuccinimide, 182.74 (C=0), 30.18 (CH2).
assigned to succinimide, 181.49 (C=0), 30.53 (CH2).

The reaction mixture was separated using semi-preparative HPLC (5 p.m S i0 2, 50
x 4.6 mm + 250 x 10 mm, 10% ethyl acetate in hexane). The elution order was a mixture
and then hydroperoxide (1). The mixture produced was separated using semi-preparative
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HPLC (5 |xm S i0 2, 50 x 4.6 mm + 250 x 10 mm, 2% ethyl acetate in hexane). The
elution order was iodide (33) and then ketone (31). According to the separated products,
the ratio of the iodide to the ketone was 90% (33) and 10% (31). The iodide (33) was
submitted for accurate mass spectrometry.

rra/w-2-iodo-8,9-dioxabicyclo[5.2.ljdecane (33)
13C NMR (100 MHz, CDC13) ppm; 82.43 (CHO), 77.33 (CHO), 43.41,38.30 (CHI),
35.49,31.06,24.76,23.37.
'H NMR (400 MHz, CDC13) ppm; 4.63 (m, 1H, 7 CHO), 4.58 (ddd, 3 J 1.2=
'CHO), 2.96 (ddd, 3J 1(Mo= 13.1 Hz, 1 H,

10CH), 2 . 8 8

6 .6

Hz, 1H,

(ddd, 2J 10-io= 13.4 Hz, 1 H,

10CH),

2.28 (m, 2H, 2 CH), 2.02-1.98 (m, 1H), 1.81-1.65 (m, 6 H).
Mass spec. Calculated for C 8H 13 l 0

2

267.9962. Found 267.9964.

The *H NMR assignments were made on the basis of decoupling experiments.

Reaction with Iodine in Pvridine-d<;
The reaction mixture went dark purple/brown on addition to the iodine. The 13C
NMR spectrum taken approximately 1 hour after addition showed that no reaction had
taken place. The sample was then left for 3 days at room temperature after which time
the 13C NMR spectrum showed that all hydroperoxide (1) had reacted to produce alcohol
(32).

13C NMR (100 MHz, C5 D 5 N) ppm;
assigned to cyclo-oct-3-en-l-ol (32), 131.89 (-CH=), 128.08 (-CH=), 71.84 (CHO),
35.97, 35.26, 29.19,26.36, 22.25.

Reaction with m-Chloroperoxybenzoic Acid in Dichloromethane-do
The initial spectrum showed most of the peracid consumed with large peaks

Chapter 8 Experimental

240

evident for m-chlorobenzoic acid. There were 2 products with peaks in the region 90-15
ppm, which were identified as cis-3,4-epoxy- 1 -hydroperoxycyclo-octane (36) and
fratts-3,4-epoxy-l-hydroperoxycyclo-octane (37) in the molar ratio of 56% (36) and 44%
(37). After 4 days the signals for (37) had disappeared with peaks appearing for
rra/w-8,9-dioxabicyclo[5.2.1]decan-2-ol (35). According to 13C NMR spectrum the
molar ratio of the final products was 51% (36) and 49% (35).

Initial 13C NMR (100 MHz, CD2 CI2 ), in a mixture containing MCPBA and MCBA ppm;
assigned to d 5 - 3 ,4 -epoxy-l-hydroperoxycyclo-octane (36), 82.55 (CHO), 55.70 (CHO),
52.87 (CHO), 30.30,26.50,25.44, 25.30, 20.89.
assigned to tra/w-3,4-epoxy-l-hydroperoxycyclo-octane (37), 83.38 (CHO), 55.95
(CHO), 53.32 (CHO), 30.07, 29.52, 28.21, 27.79,22.11.
Extra peaks in final 13C NMR (100 MHz, CD2 CI2 ), in a mixture containing MCPBA and
MCBA ppm; assigned to f/my-8,9-dioxabicyclo[5.2.1]decan-2-ol (35), 81.21 (CHO),
77.10 (CHO), 70.35 (CHO), 40.48, 34.08, 31.74, 30.10, 19.67.

The reaction mixture was separated using semi-preparative HPLC (5 pm S i0 2, 50
x 4.6 mm + 250 x 10 mm, 25% ethyl acetate in hexane + 0.1% acetic acid). The elution
order was MCPBA, MCBA, epoxyhydroperoxide (36) and finally bicyclic alcohol (35).
According to the separated products the ratio of the cyclo-octyl products was 49% (36)
and 51% (35). The epoxyhydroperoxide (36) and the bicyclic alcohol (35) were
submitted for accurate mass spectrometry.

cw-3,4-epoxy-1-hydroperoxycyclo-octane (36)
13C NMR (100 MHz, CDC13) ppm; 82.46 (CHO), 55.31 (CHO), 52.94, 30.17,29.92,
26.43,25.18,20.74.
*H NMR (500 MHz, CDCI3) ppm; 7.9 (brs, 1H, OOH), 4.12 (m, 1H, ‘CHO), 2.98-2.88
(m, 2H, 3 CHO, 4 CHO), 2.57 (ddd, 2J2.2= 13.3 Hz, 3Ji_2= 3.5 Hz, 3 J2.3= 4.0 Hz, 1H,
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2 CHc),

2.22-2.17 (m, 1H,), 1.85-1.20 (m, 8 H).

Mass spec. Calculated for C 8H 140 3 158.0943. Found 158.0947.
rran.v-8,9-dioxabicyclo(5.2. l]decan-2-ol (35)
13C NMR (100 MHz, CDC13) ppm; 80.97 (CHO), 76.69 (CHO), 70.05 (CHO), 40.40,
34.10,31.65,25.28,19.40.
*H NMR (400 MHz, CDC13) ppm; 4.52-4.46 (m, 1H, 7 CHO), 4.39 (ddd, 3Ji.i0t= 8-9 Hz,
3 Ji-l 0 c= 2.2

Hz, 3 Jj. 2 ~ 4.8 Hz, 1H, ‘CHO), 4.05 (ddd, 3 J2.3= 5.5, 2.6 Hz, 1H, 2 CHO),

2.82-2.68 (m, 2H,

10 CH 2 ),

2.07 (s, 1H, OH), 2.00-1.84 (m, 4H, 3 O J 2 , 6 CH2 ), 1.74-1.55

(m ,4 H , 4 CH2 , 5 CH2).
Mass spec. Calculated for C 8H 140 3 158.0943. Found 158.0943.

The

NMR assignments were made on the basis of decoupling experiments.

The 13C NMR spectral assignments for N-bromosuccinimide, AModosuccinimide,
succinimide (see Appendix 2), cyclooct-3-en-l-ol (32) and cyclo-oct-3-en-l-one (31)
(see chapter 5, Experimental) were made on the basis of spectra of authentic samples in
dichloromethane-d2 and methanol-d4.

Iododemercuration of Bicyclic Peroxide (23)

Mercurial acetate (23) (0.35 mmol), produced as described above, was dissolved
in dichloromethane (20 ml). To this stirred solution was added iodine (89 mg, 0.35
mmol) in dichloromethane (5 ml). The solution was heated under reflux for 2 hours. The
reaction mixture was then washed with saturated aqueous sodium thiosulphate (15 ml)
and water (3 x 10 ml). The organic layer was dried (M gS04) and the solvent removed
under reduced presure. The product contained solid red mercury(II) iodide. The product
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contained both the cis- and frarw-bicyclic[5 .2 . 1 ]iodides (38) and (33) in a molar ratio of
58% (38) and 42% (33).

13C NMR (100 MHz, CD2 C12) ppm;
assigned to rranj-2-iodo-8,9-dioxabicyclo[5.2.1]decane (33), 82.61 (CHO), 77.47
(CHO), 43.49, 38.72 (CHI), 35.73, 31.14,24.97, 23.58.
assigned to cw-2-iodo-8,9-dioxabicyclo[5.2.1]decane (38), 85.05 (CHO), 77.97 (CHO),
46.31,40.55, 37.45 (CHI), 31.70,28.10, 25.78.

The mixture of iodides was separated using semi-preparative HPLC (5 pm S i0 2,
50 x 4.6 mm + 2 x (250 x 7 mm), 12.5% ethyl acetate in hexane). The elution order was
trans-iodide (33) (contaminated with mercury(II) iodide) and then cw-iodide (38).
According to the separated products the ratio of the two iodides was 1:1. The separated
iodide (38) was submitted for accurate mass spectrometry.

c/s-2-iodo-8,9-dioxabicyclo[5.2. ljdecane (38)
13C NMR (100 MHz, CDCI3) ppm; 84.83 (CHO), 77.74 (CHO), 46.28,40.19, 36.47
(CHI), 31.71,28.08,25.54.
*H NMR (400 MHz, CDC13) ppm; 4.92 (ddd, 3 J,.2= 1.1 Hz, 3 Ji_10c= 3.3 Hz, 3 J W0 t= 10.1
Hz, 1H, ‘CHO), 4.62-4.57 (m, 1H, 7 CHO), 4.42-4.37 (ddd, 3 J2.3= 8.3 Hz, 1H, 2 CHI),
2.85 (ddd, 2Jioc-ioi= 12.8 Hz, 3J7.10t= 10.1 Hz, 1H,
(ddd, 3 J7 _ioc= 2.3 Hz, 1H,
6 CH),

10CHC),

10CHt),

2.60-2.53 (m, 2H, 3 CH2), 2.43

2.11-2.04 (m, 1H, 6CH), 1.86-1.80 (m, 3H, 4 CH, 5 CH,

1.68-1.57 (m, 1H, 5 CH), 1.45-1.32 (m, 1H, 4 CH).

Mass spec. Calculated for C 8H 13I0 2 267.9962. Found 267.9968.

The *H NMR assignments were made on the basis of decoupling experiments.

Mercurial (23) (0.35 mmol) was dissolved in dichloromethane (5 ml) and stirred
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with aqueous potassium iodide (64 mg, 0.39 mmol, 5 ml) for 30 minutes. The organic
layer was separated and the aqueous layer extracted with dichloromethane (5 ml). The
combined organic fractions were dried (MgS04) and the solvent removed. The product
was a yellow solid. The yield of crude product (23)1 was

8 8 %.

The iododemercuration

was repeated using mercurial (23)1 (144 mg, 0.31 mmol). The same pair of iodides were
produced in a molar ratio of 43% (33) and 57% (38).

13C NMR (100 MHz, CD2 C12) ppm;
assigned to rra^-2-iodomercurio-8,9-dioxabicyclo[5.2.1]decane (23)1. 80.58d (CHO),
78.13d (CHO), 47.67t, 30.86t, 29.84t, 28.89t, 25.16t, 23.39d (CHHg).

Reaction of l-Hydroperoxycyclo-oct-3-ene (1) with Di-t-butyl peroxyoxalate124

l-Hydroperoxycyclo-oct-3-ene (1) (45 mg, 0.32 mmol) was dissolved in benzene
(30 ml, 0.01M). To the stirred mixture was added di-f-butyl peroxyoxalate (37 mg, 0.16
mmol). The mixture was stirred for 2 days at room temperature with oxygen bubbling
through it. The oxygen was saturated with benzene by bubbling it through a trap filled
with benzene before it reached the reaction solution. The benzene was removed under
reduced pressure. The 13C NMR spectrum showed that the products contained a
considerable quantity of unreacted hydroperoxide ( 1 ), but the major product was
cyclo-oct-3 -en-1 -one (31) with cyclo-oct-3-en-l-ol (32) and
8,9-dioxabicyclo[5.2.1]decan-2-one (39) also present. The molar ratio of the four
components was 30% (1), 21% (32), 28% (31) and 20% (39).

13C NMR (100 MHz, CD2 C12) ppm;
assigned to l-hydroperoxycyclo-oct-3-ene (1), 132.50 (-CH=), 125.86 (-CH=), 85.66
(CHO), 29.29, 28.93, 28.59, 26.02, 21.63.
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assigned to cyclo-oct-3-en-l-one (31), 213.93 (C=0), 131.35 (-CH=), 124.36 (-CH=),
44.23, 42.30, 27.26, 25.72, 24.59.
assigned to cyclo-oct-3-en-l-ol (32), 132.31 (-CH=), 126.30 (-CH=), 72.29 (CHO),
35.18, 34.11, 28.50, 25.81, 21.41.
assigned to 8,9-dioxabicyclo[5.2.1]decan-2-one (39), 83.59 (CHO), 77.70 (CHO), 45.90,
39.85, 34.05, 26.08, 22.67, +1C.

The 13C NMR assignments for hydroperoxide (1), alcohol (32) and ketone (31)
(see chapter 5, Experimental) were made on the basis of spectra of authentic samples in
the dichloromethane-d2.
The above experiment was repeated but on a three times scale. The 13C NMR
spectrum showed that all the hydroperoxide (D had reacted to produce a similar mixture
of products. The molar ratio of the major products was 60% (31). 28% (39) and 11%
(32). The reaction mixture was separated using semi-preparative HPLC (5 pm S i0 2, 50 x
4.6 mm + 250 x 10 mm, 25% ethyl acetate in hexane). The elution order was di-r-butyl
peroxyoxalate, ketone (31), alcohol (32) and bicyclic ketone (39). According to the
separated products the ratio of the products was 60% (31), 33% (39) and 7% (32). The
bicyclic ketone (39) was submitted for accurate mass spectrometry.

8,9-dioxabicyclo[5.2.l]decan-2-one (39)
13C NMR (100 MHz, CDCI3 ) ppm; 214.93 (C=0), 83.37 (CHO), 77.42 (CHO), 45.75,
39.52,33.88,25.91,22.35.
*H NMR (400 MHz, CDC13) ppm; 4.68-4.64 (m, 1H, 7 CHO), 4.53 (dd, 3Ji.ioc= 1-0 Hz,
3 Ji-i 0 t=

10.0 Hz, 1H, ‘CHO), 3.21-3.07 (m, 2H,

10 CH 2 ),

2.62-2.58 (ddd, 1H, 3 CH),

2.28-2.23 (ddd, 1H, 3 CH), 2.02-1.86 (m, 3H), 1.75-1.45 (m, 3H).
Mass spec. Calculated for C 8H 120 3 156.0786. Found 156.0790.
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r-Butyl Trans Peroxonium Ion Intermediate;- Final Z Matrix
1
2

3
4
5
6

7
8

9
10
11
12

13
14
15
16
17
18
19

8
6
6
6
6
6
1
1
1
1
1
1
1
1
1
1
8
6
6

20
21
22

6
6
1

23
24
25
26
27
28
29
30

1
1
1
1
1
1
1
1

0

C
C
C
C
C
H
H
H
H
H
H
H
H
H
H
0

C
C
C
C
H
H
H
H
H
H
H
H
H

1.49190
1.48837
1.50814
1.50267
1.49216
1.09000
1.09000
1.09000
1.09000
1.09000.
1.09000
1.09000
1.09000
1.09000
1.09000
1.41378
1.39873
1.53196
1.53209
1.54279
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000

0
1
1
1
1
0
0
0
0
0
0
0
0
0
0
1
1
1
1
1
0
0
0
0
0
0
0
0
0

57.74702
116.55944
121.54011
129.20419
101.02791
110.42397
110.38708
113.03390
113.16253
115.02731
113.07368
115.94692
107.08955
116.24251
118.15715
119.44707
113.50047
113.34912
90.52790
114.95845
114.30378
110.51611
114.42474
114.84512
110.43800
116.09463
115.83361
107.40309

122.84967
150.66310
146.01354
-88.29183
20.59232
172.27070
52.87976
-68.52086
103.05400
150.96550
26.45228
-92.08668
93.56535
111.43591
156.72727
66.87225
-61.83276
-177.44536
43.97552
-78.77092
-197.12555
75.50194
-47.38322
-166.22758
61.30247
-65.05085
-181.84126

1

1
2
2

1
1
1
1
1
1
1

4
3
4
4
5
5
5

1

2

1

6

1
1

6
6

1

3

1

1

1

1
1
1

17
18
18
18
19
19
19

1
1
1
1

20
20
20
21

1

21

1

21

1
1
1

1
1
2
2
2
2

3
3
4
3
3
2
2
2

4
4
4
3
3
3
3

2
2
2

2
2
1

3
2

17
17
17
18
18
18
18
18
18
18
18
18

1

1

1
1
1

17
17
17
17
17
17
17
17
17
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f-Butyl Cis Peroxonium Ion Intermediate;- Final Z Matrix
1
2

3
4
5
6

7
8

9
10
11
12

13
14
15
16
17
18
19
20
21
22

23
24
25
26
27
28
29
30

8
6
6
6
6
6
1
1
1
1
1
1
1
1
1
1
8
6
6
6
6
1
1
1
1
1
1
1
1
1

O
C
c
c
c
c
H
H
H
H
H
H
H
H
H
H
O
C
C
C
C
H
H
H
H
H
H
H
H
H

1.49190
1.49011
1.50802
1.50279
1.49644
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.41684
1.39685
1.53192
1.53175
1.54315
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000

0
1
1
1
1
0
0
0
0
0
0
0
0
0
0
1
1
1
1
1
0
0
0
0
0
0
0
0
0

57.65176
116.58139
121.34536
131.65406
101.12949
110.67553
110.39889
113.02108
113.13426
113.86199
1 1 0 .2 0 8 1 2

111.62668
115.27902
113.41246
117.39159
120.24266
113.41862
113.47805
90.24851
114.92280
114.28024
110.55964
114.36868
114.85060
110.47736
116.11663
115.87025
107.30836

125.08356
151.55116
100.77211
-87.47714
21.56495
172.04774
52.66708
-68.73706
103.73542
147.90475
29.77704
-91.65676
155.62414
109.67040
157.48367
67.07920
-61.81624
-177.46313
44.31107
-78.37373
-196.69012
75.50411
-47.30153
-166.18202
61.57950
-64.87098
-181.63661

1

1
2
2

1
1
1
1
1
1
1

4
3
4
4
5
5
5

1

2

1
1
1

6
6
6

1

3

1

1

1

1
1
1

17
18
18
18
19
19
19

1
1

20
20

1
1

20
21

1

21

1

21

1
1
1

1
1
2
2
2
2

4
4
4
3
3
3
3
2
2
1

17
17
17
18
18
18
18
18
18
18
18
18

3
3
1

3
3
2
2
2
1

2
2
2
4
3
2
1
1
1

17
17
17
17
17
17
17
17
17
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rt-Butyl Trans Peroxonium Ion Intermediate;- Final Z Matrix
1
2

3
4
5
6

7
8

9
10
11
12

13
14
15
16
17
18
19
20
21
22

23
24
25
26
27
28
29
30

8
6
6
6
6
6
1
1
1
1
1
1
1
1
1
1
8
6
6
1
1
6
1
1
1
1
6
1
1
1

O
C
c
c
c
c
H
H
H
H
H
H
H
H
H
H
O
C
C
H
H
C
H
H
H
H
C
H
H
H

1.49190
1.48967
1.50823
1.50290
1.49198
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.40933
1.37830
1.51437
1.09000
1.09000
1.52557
1.09000
1.09000
1.09000
1.09000
1.50163
1.09000
1.09000
1.09000

0
1
1
1
1
0
0
0
0
0
0
0
0
0
0
1
1
1
0
0
1
0
0
0
0
1
0
0
0

1

57.76934
116.05334
121.34118
129.64810
100.98587
110.44660
110.37499
113.01930
113.06952
114.93037
112.96908
115.99378
106.93064
116.11811
118.57420
114.90100
119.41376
112.02933
94.01032
116.49624
109.48622
109.38813
107.92558
108.43820
118.74926
111.31624
113.14665
117.29097

123.22986
150.13083
147.71082
-88.75211
20.16100
171.73408
52.32224
-69.04299
103.24630
149.53266
24.93036
-93.57534
93.37469
108.91915
136.69676
70.43280
-61.83396
-170.32375
-191.71703
44.52682
-68.04911
-59.66875
51.44876
176.09889
-185.72057
54.66305
-37.31704

1

2
2

1
1
1
1
1
1
1

4
3
4
4
5
5
5

1

2

1
1
1

6
6
6

1

3

1

1

1

1
1
1

17
18
18
18
19
19
19

1

22

1
1

22
22

1
1
1

27
27
27

1
1
1

1
1
2
2
2
2

3
3
4
3
3
2
2
2

4
4
4
3
3
3
3

2
2
2

2
2
1

3
2

17
17
17
18
18
18
19
19
19
22
22
21

1

1

1
1
1

17
17
17
18
18
18
19
19
19
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w-Butyl Cis Peroxonium Ion Intermediate;- Final Z Matrix
1
2

3
4
5
6

7
8

9
10
11
12

13
14
15
16
17
18
19
20
21
22

23
24
25
26
27
28
29
30

8

0

6
6
6
6
6
1
1
1
1
1
1
1
1
1
1

C
c
c
c
c
H
H
H
H
H
H
H
H
H
H

8

0

6
6
1
1

C
C
H
H
C
H
H
H
H
C
H
H
H

6
1
1
1
1
6
1
1
1

1.49190
1.49031
1.50815
1.50321
1.49401
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.41119
1.37743
1.51416
1.09000
1.09000
1.52574
1.09000
1.09000
1.09000
1.09000
1.50194
1.09000
1.09000
1.09000

0
1
1
1
1
0
0
0
0
0
0
0
0
0
0
1
1
1
0
0
1
0
0
0
0
1
0
0
0

57.73846
116.39416
121.21714
132.44981
100.99158
110.59417
110.32028
113.04516
113.02830
113.72053
107.41863
115.68840
112.84440
113.78639
118.29796
115.52077
119.48027
112.10168
93.78471
116.56156
109.48958
109.27428
107.94247
108.41398
118.74592
111.33694
113.21163
117.14578

125.47901
148.93589
99.32524
-89.95541
19.05437
170.39881
51.00186
-70.41422
104.03418
97.46511
-21.51773
-145.20878
155.67559
107.36833
137.07659
70.48874
-61.89324
-170.30867
-192.07077
44.10347
-68.40103
-59.55057
51.60478
176.16047
-185.39114
54.87846
-37.06117

1

1
2
2

1
1
1
1
1
1
1

4
3
4
4
5
5
5

1
1
1
1

2
6
6
6

1

3

1

1

1

17
18
18
18
19
19
19

1
1
1

1
1
1
1

22

1
1

22
22

1
1
1

27
27
27

1
1
2
2
2
2

4
4
4
3
3
3
3
2
2
1

17
17
17
18
18
18
19
19
19
22
22
21

3
3
1

3
3
2
2
2
1

2
2
2
4
3
2
1
1
1

17
17
17
18
18
18
19
19
19
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Protonated Trans Peroxonium Ion Intermediate;- Final Z Matrix
1
2

3
4
5
6

7
8

9
10
11
12

13
14
15
16
17
18

8
6
6
6
6
6
1
1
1
1
1
1
1
1
1
1
8
1

0

C
c
c
c
c
H
H
H
H
H
H
H
H
H
H
0

H

1.49190
1.48944
1.50894
1.50320
1.49089
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.39018
0.96597

0
1
1
1
1
0
0
0
0
0
0
0
0
0
0
1
1

58.15814
115.60140
121.25771
130.01585
100.64742
110.34408
110.33547
112.99442
112.93239
114.62124
113.08075
115.83751
106.45576
116.08646
121.17265
105.13169

123.72536
149.52554
148.61786
-89.45451
19.48886
170.45850
50.90293
-70.26134
103.62918
146.03337
21.12258
-97.23652
91.70625
106.12665
88.42494

1
2
2

4
3
4
4
5
5
5
2
6
6
6

3

1
1
2
2
2
2

4
4
4
3
3
3
3

1

2
2

17

1

3
3
4
3
3
2
2
2
1

2
2
2
1

3
2
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Protonated Cis Peroxonium Ion Intermediate;- Final Z Matrix
1
2

3
4
5
6

7
8

9
10
11
12

13
14
15
16
17
18

8
6
6
6
6
6
1
1
1
1
1
1
1
1
1
1
8
1

O
C
C
C
C
C
H
H
H
H
H
H
H
H
H
H
0

H

1.49190
1.49013
1.50785
1.50368
1.49345
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.09000
1.38955
0.96585

0
1
1
1
1
0
0
0
0
0
0
0
0
0
0
1
1

1

58.06079
115.56556
121.25965
132.77838
100.24005
110.63985
110.11439
113.11855
112.82356
113.29952
107.12223
115.56162
112.88094
113.51045
116.80593
105.60268

126.40205
148.97815
98.39665
-90.18967
18.63514
170.45697
51.03335
-70.49069
104.37577
97.69970
-21.17568
-144.90172
156.74101
112.99033
203.66397

2
2

4
3
4
4
5
5
5

1
1
2
2
2
2

6
6

4
4
4
3
3
3
3

3

2

1

2

17

1

2
6

3
3
1

3
3
2
2
2
1

2
2
2
4
3
2
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Appendix 2
NMR Spectra of Authentic Samples
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13C NMR Spectra of Authentic Samples

Acetic acid (A.R., Fisons), 13C NMR (100 MHz, CD2 CI2 ) ppm; 178.18, 20.79.
N-Bromosuccinimide (B.D.H.), 13C NMR (100 MHz, CD2 CI2) ppm; 173.39, 28.89.
/V-Bromosuccinimide (B.D.H.), 13C NMR (100 MHz, CD 3 OD) ppm; 177.33,29.65.
r-Butanol (B.D.H.), 13C NMR (100 MHz, CD2 C12) ppm; 69.02, 31.23.
m-Chlorobenzoic acid (B.D.H.), 13C NMR (100 MHz, CD2 CI2 ) ppm; 170.64,134.78,
134.04, 131.19,130.24,130.17,128.48.
m-Chloroperoxybenzoic acid (Aldrich), 13C NMR (50 MHz, CD 2 CI2) ppm; 166.91,
135.10.134.55.130.50, 129.33 127.53,127.14.
1.2-Dibenzoylbenzene (Aldrich), 13C NMR (100 MHz, CD 2 C12) ppm; 196.43,140.01,
137.24.133.10.130.51, 129.78,128.50.
2,6-Di-r-butyl-4-methylphenol (Aldrich), 13C NMR (100 MHz, CD 2 C12) ppm, 152.09,
136.12,132.78,125.24,41.77,34.40,30.27 (6 C).
Di-f-butyl peroxyoxalate (Synthesised by R J. Curtis), 13C NMR (100 MHz, CD2 CI2 )
ppm, 86.04, 25.93, +2C.
2.2-Dimethoxypropane (Aldrich), 13C NMR (100 MHz, CD2 C12) ppm; 99.90,48.16,
23.89.
2.2-Dimethoxypropane (Aldrich), 13C NMR (100 MHz, CD 3 OD) ppm; 101.30,48.62,
24.21.
1.3-Diphenylisobenzofuran (Aldrich), 13C NMR (100 MHz, CD2 CI2 ) ppm; 143.80,
131.70,129.10,127.07,125.38,124.83,122.23,120.24.
N-Hydroxysuccinimide (Aldrich), 13C NMR (100 MHz, CD 2 C12) ppm; 172.57, 25.52.
N-Hydroxysuccinimide (Aldrich), 13C NMR (100 MHz, CD 3 OD) ppm; 174.90,26.27.
N-Iodosuccinimide (Aldrich), 13C NMR (100 MHz, CD2 C12) ppm; 177.78, 29.52.
A-Iodosuccinimide (Aldrich), 13C NMR (100 MHz, CD3 OD) ppm; 182.79, 30.19.
Peracetic acid (Aldrich), 13C NMR (100 MHz, CD2 CI2 ) ppm; 177.47,20.66.
Peracetic acid (Aldrich), 13C NMR (100 MHz, CC14, D20 lock) ppm; 180.04, 23.50.

Appendices

Succinimide (Aldrich), 13C NMR (100 MHz, CD2 CI2 ) ppm; 178.29, 29.77.
Succinimide (Aldrich), 13C NMR (100 MHz, CD3 OD) ppm; 181.64, 30.58.
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Appendix 3
Instruments Used in Experimental
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Nuclear Magnetic Resonance Spectroscopy

60 MHz *H NMR spectra were recorded on a JEOL PMX 60 spectrometer. 20
MHz 13C NMR spectra were recorded on a Varian CFT 20 spectrometer. 200 MHz *H,
50 MHz 13C and 199Hg NMR spectra were recorded on a Varian XL 200 spectrometer.
400 MHz

and 100 MHz 13C NMR spectra were recorded on a Varian VXR 400

spectrometer. 500 MHz *H NMR were recorded on a JEOL GSX 500 spectrometer.

Infra-red Spectroscopy

Infra-red spectra were recorded on a Perkin Elmer 983 spectrometer.

Mass Spectroscopy

Low resolution spectra and accurate masses were recorded on a VG ZAB-2F
mass spectrometer using a Digital PDP1173 data system. The spectrometer was a reverse
geometry instrument. The operating voltage was

8

kV with a 70 eV emission.

Raman Spectroscopy

Raman spectra were recorded on a Spex 14018 Raman spectrometer with a
Hamamatsu R943-02 PMT (e photon counting) using a Coherent I18-UVAr+lazer.
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HPLC Chromatography

Preparative HPLC was carried out using a Waters LC500 preparative HPLC
machine. Semi-preparative and anatytical HPLC used a Waters (ALC100) with a Waters
M6000 pump, Waters R401 refractive index detector and a Rheodyne 712S injector.

Column and Thin Layer Chromatography

Column chromatography used Merck Kieselgel 60 (70-230 mesh) silica and BDH
aluminium oxide, active, neutral, Brockman grade 1. Thin layer chromatography used
Merck, aluminium backed, Kieselgel 60 F254 silica plates and aluminium backed, 60
F 254>

neutral aluminium oxide plates.
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Peroxonium Ions from Butyl /Modoalkyl Peroxides: an
Investigation of th e Effect of replacing t-Butyl by s-B utyl
and n-Butyl
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A. J. Bloodworth,* * Yasmin S. Khalaf,* John C. Mitchell,b * and
Michael D. Spencer*
8Department of Chemistry, University College London, 20 Gordon Street, London WC1H OAJ, U.K.
bSchool of Chemistry, Thames Polytechnic, Wellington Street, Woolwich, London SE18 6PF, U.K.

We report that product distributions for the reaction of silver
trifluoroacetate
with
butyl
/3-iodoaIkyl
peroxides,
PhCH2CMe(OOC4Hy)CH;I, M eCH(I)CH(OOC4Hy)Et, and
M eCH(OOC4Hy)CH(I)Et are little changed when t-butyl is
replaced by s-butyl or n-butyl, and that M IND O /3 calcula
tions indicate that the lowest energy conformations for
alkylated perepoxides derived from the /3-iodopentyl
peroxides involve placement of the butyl group away from
the three-membered ring. These results suggest that, contrary
to earlier belief, the steric bulk of the substituent on oxygen is
unimportant, yet it appears that when the would-be per
oxonium ion possesses vicinal ring-carbon substituents, only
a cis arrangement leads to selection of this mechanism.
Previous work1,2 indicated that alkylated perepoxides (4)
are intermediates in the reactions of silver trifluoroacetate
with certain t-butyl /S-iodoalkyl peroxides, but that when
such intermediates involve vicinal ring carbon substituents,
only the cis arrangement leads to selection of this mecha
nism. These results, together with preliminary MINDO/3
studies, were interpreted in terms of an important influence
of the steric bulk of the substituent (R s) on oxygen upon
selection of the preferred reaction pathway. To test this
hypothesis, some n-butyl and s-butyl analogues of the t-butyl
/1-iodoalkyl peroxides have now been prepared and their
reactions with silver trifluoroacetate investigated,

PhCH,
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(3)

00R
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Schem e 3

The peroxy iodide (9b) yielded only one substitution
product, whereas the regioisomer (9a) with the alternative
stereochemistry afforded two trifluoroacetates in a ratio of
3:5 (Scheme 5).

MeH
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f
AqQCOCFj ^

OOBun

OOBu"

Me

*T o receive any correspondence.

+
PhCH

PhCH 2

II___ < >/EHt
H'V I
Peroxy iodides (5a,b) yielded peroxy-migrated substitu
tion products (6a,b) and peroxy-migrated elimination
products (7a,b) and (8a,b) (Scheme 3). These results are
similar to that with the t-butyl compound (5 c )1 in that no
dioxetanes and only peroxy-migrated products are obtained.
The absence of dioxetanes indicates that the alternative fourmembered ring peroxonium ions (3) are disfavoured with
respect to the three-membered rings (4), irrespective of the
steric bulk of R5 when R5 = n-butyl, s-butyl, or t-butyl. The
formation of considerable amounts of Hofmann elimination
product (8) in each reaction is interpreted as further
evidence that the alkylated perepoxide is an intermediate and
not merely a transition state en route to an open cation,
which the exclusive formation of peroxy-migrated products
could be taken to indicate.
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Schem e 5

These product distributions match exactly those observed
for the corresponding t-butyl compounds2 and again indicate
that the alkylated perepoxide mechanism is favoured when
vicinal ring-carbon substituents are cis but not when they are
trans. It was originally suggested that this arose from steric
interactions between the oxygen substituent R5 and the ring
carbon substituents R ‘- R 4 [structure (4)] and this idea was
supported by a preliminary M IN D O /3 study o f a related
system which unexpectedly placed the t-butyl group towards
the ring.2 The present result with the n-butyl compound
threw doubt on this interpretation and prompted us to
extend our M IN D O /3 calculations to peroxonium ions
derived from butyl /J-iodopentyl peroxides. The lowest
energy conformation for both t-butyl and n-butyl species
(Figure 1) were found to involve placement o f the butyl
group away from the ring, thus minimising the afore
mentioned steric interactions.

..........-------—

“'"J *6‘

(R5) lies towards the ring substituents. This arrangement
would again disfavour the formation of a trans-substituted
peroxonium ion relative to a m -substituted one.
J. C. M. thanks the Nuffield Foundation and M. D. S.
thanks the S.E.R.C. for financial support.

Techniques used: 'H , 1'C , and lv,JHg N M R
References: 10
Schemes: 5
Figures: 1
(b)
Figure 1 M INDO/3-calculated g eo m etries for (a) t-butyl and (b) nbutyl peroxides derived from (Z)-pent-2-ene.
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The original explanation2 for the difference in reaction
pathway exhibited by epimeric /?-iodopentyl peroxides needs
to be modified in the light of the new results. If an antiperiplanar arrangement between an exocyclic oxygen lone pair of
electrons and the carbon-oxygen bond forming in the per
oxonium ring is preferred,5 then the system must adopt a
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Peroxonium Ions from Butyl (3-Iodoalkyl
Peroxides: An Investigation of the Effect of
Replacing terf-Butyl by sec-Butyl and n-Butyl.

By A. J. Bloodworth4*, Yasmin S. Khalaf4, John C. MitchelP* and Michael D.
Spencer4
( 4

Department of Chemistry, University College London, 20 Gordon Street,

London WC1H OAJ, U.K. and b School of Chemistry, Thames Polytechnic,
Wellington Street, London SE18 6 PF, U.K.)

p-Iodoalkyl peroxides, PhCH2 CMe(OOC4H9 )CH2I where Q H = rc-butyl and secbutyl, react with silver trifluoroacetate to afford peroxy-migrated substitution
products PhCH2 CMe(OCOCF3 )CH2 OOC4 H9 and peroxy-migrated elimination
products CH2 =C(CH2 Ph)CH2 OOC4 H9 and PhCH=C(CH3 )CH2 OOC4 H9 similar to
those previously obtained for the tm-butyl compound.

threo-3-n-B utylperoxy-

2-iodopentane, MeCH(I)CH(OOBu")Et, reacts with silver trifluoroacetate to give
two regioisomeric substitution products whereas erythro-2-n-buty\pQTOxy-3iodopentane, MeCH(OOBun)CH(I)Et affords only one trifluoroacetate, again
parallel to the behaviour of the corresponding rerr-butyl compounds. MINDO/3
calculations of the lowest energy conformations of w-butylated and tm-butylated
perepoxides derived from pent-2 -ene place the butyl groups away from the threemembered ring.

An earlier interpretation of the tert- butyl results is modified in

the light of these findings.

Alkylated perepoxides have recently been proposed as intermediates in the
reactions of various terr-butyl (3-haloalkyl peroxides with Lewis acids. 1' 3

Both

the regiochemical and stereochemical outcome of these reactions depend on
perepoxide ring substituents.
peroxides

1

For example, treatment of rm-butyl p-iodoalkyl

with silver trifluoroacetate gave mixtures of products all resulting

from 1,2-peroxy migration (Scheme 1).

40

-

!

R

AgOCOCF3

1
0+

R

0-0 —
J—

0-0

1

+

/

(R= H, Me, Et, Ph)

0 - 0 -j-

OCOCF,

Scheme 1

Also, when isomeric tert-butyl p-iodopentyl peroxides 2a and 2b were treated
with silver trifluoroacetate, identical mixtures of substitution products were
obtained (Scheme 2 ).
I

Et

OCOCF3 Et
,H
AgOCOCF3

Me

X * '" "

Me

0-0-----

0-0

H

+

Me
Me
AgOCOCF3

0-0

0-0

2b

Scheme 2

ococf3

It is significant that in none of these reactions was any evidence obtained
for the formation of dioxetanes, in contrast to similar reactions with p-haloalkyl
hydroperoxides. 4

It was suggested1 that the steric bulk of the tert-butyl group

prevents the formation of the necessary precursor, the four-membered ring
peroxonium ion 3 (R5 = tert-butyl), and thus favours formation of the alkylated
perepoxide 4 (R5 = tert-butyl).

3

4

Furthermore, epimeric tert-butyl p-iodopentyl peroxides gave products that
appeared not to have been produced from peroxonium ion 4 (Ri = R4 = H, R2
= Me, R3 = Et, R5 = t-Bu), the trans analogue of the alkylated perepoxide in
scheme 2.

It was suggested2 that the steric interaction between the terf-butyl

group and the methyl or ethyl groups destabilises ion 4, and MINDO/3 studies
of related systems appeared to support the conclusion that the preferred
conformation of the peroxonium ion unexpectedly places the terf-butyl group near
to the ring substituents.
To investigate further these steric effects on the formation of peroxonium
ions, we have now prepared n-butyl and .sec-butyl analogues of the t-butyl piodoalkyl peroxides
trifluoroacetate.

1

and

2

, and studied their reactions with silver

We have also extended our MINDO/3 studies to peroxonium

species derived from pent-2 -ene.

Results and Discussion
Peroxy

iodides

5a,b

were

prepared by

w-butyl

and

sec-butyl

peroxymercuriation of 2-methyl-3-phenylpropene, followed by anion exchange and
iododemercuriation as for the tert-butyl analogue 5c. 1

When each peroxy iodide

was treated with silver.trifluoroacetate in refluxing dichloromethane and the crude
product purified by HPLC, two components were isolated.

These were

identified by spectroscopic data and elemental analysis as the peroxy-migrated
substitution product

6

a,b and a mixture of the peroxy-migrated elimination

products 7a,b and 8 a,b (Scheme 3).
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+
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Careful examination of the crude reaction mixtures, provided no evidence
for the presence of dioxetanes or their carbonyl fragmentation products.

Thus,

all three reactions are similar in that no dioxetanes and only peroxy-migrated

products are obtained.

Clearly, variation in the steric bulk of the butyl group

has no dramatic effect upon the reaction mechanism.

The formation of a

considerable amount of the Hofmann elimination product

8

c was originally

interpreted as evidence for the alkylated perepoxide being an intermediate and
not merely a transition state en route to an open cation. 1

Thus, the parallel

observation for the /i-butyl and sec-butyl compounds (Scheme 3) suggests that
for these isomers also products arise through the intermediacy of peroxonium
ions.
The influence of the steric bulk of the butyl group was also investigated
by examining the n-butyl analogue of the reaction of epimeric tert-butyl P~
iodopentyl peroxides with silver trifluoroacetate.

We have presented

stereochemical evidence for an alkylated perepoxide intermediate from the tertbutyl precursors where ring closure afforded cis ring-carbon substituents (see
Scheme 2).

However, where ring closure would have afforded a peroxonium

ion with tram ring-carbon substituents, the reaction mechanism appeared to
change to one favouring displacement of the halide with retention of both regioand stereo-chemistry (see Scheme 4 ) . 2

OCOCF3 Et

.Et
AgOCOCF3

0-0

Me

O O ------

H

O CO CF3

H
AgOCOCF3

H

Scheme 4

A mixture of four w-butyl P-iodopentyl peroxides (two regioisomers, each a pair
of epimers) was prepared from (Z)-pent-2-ene by peroxymercuriation and
iododemercuriation.
the regioisom ers

It did not prove possible to separate the mixture fully, but
9a and 9b, with respectively the shortest and longest
By analogy with the tert-butyl

chromatographic retention times, were isolated.

compounds, the chromatographic characteristics and !H n.m.r. chemical shifts
suggested that these regioisomers had the stereochemistries shown in Scheme 5.
This was confirm ed for 9b by selective 13C{!H} NM R as for the tert-butyl
analogue.2
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Each peroxy iodide was treated with silver trifluoroacetate.

W hereas only one

product was obtained from 9b, 9a afforded two products in a 3:5 ratio (Scheme
5).

These product distributions correspond exactly to those observed for the

terr-butyl case.

Thus, substitution of n-butyl for tert-butyl has little or no effect,

suggesting that, counter to our earlier conclusion,2 the steric bulk of the

substituent on oxygen is unimportant in determining the selection of reaction
pathway.

This prompted us to extend our MINDO/3 studies to peroxonium

ions derived from butyl p-iodopentyl peroxides to address once again the question
of the preferred orientation of the substituent on oxygen.

MINDO/3 optimised

geometries were calculated for the ferf-butyl and n-butyl compounds.

In each

case, the lowest energy conformation involved placement of the butyl group away
from the three-membered ring, thus minimising any steric interaction between the
ring-carbon and oxygen substituents (Figure 1).

Figure 1. MINDO/3 Calculated geometries for rm-butyl and w-butyl perepoxides
derived from (Z)-pent-2-ene.

These results conflict with an earlier calculation for a tert-butyl perepoxide, 2 but
the original work is flawed because we failed to consider the complete range of
rotamers and a metastable conformation was obtained.

Clearly, our original explanation2 for the difference in reaction pathway
exhibited by epimeric p-iodopentyl peroxides needs to be modified in the light
of the new results.

Although a change in the steric bulk of the oxygen

substituent does not appear to alter the behaviour of these compounds towards
silver trifluoroacetate, and MINDO/3 results seem to indicate that steric effects
are of little importance, yet the stereochemistry of the reactant appears to play
a decisive role in the selection of mechanism.

If an antiperiplanar arrangement

between an exocyclic oxygen lone pair of electrons and the carbon-oxygen bond
forming in the peroxonium ring is preferred, 5 then the system must adopt a
transition state conformation where the exocyclic alkyl group lies towards the

ring substituents.

This arrangement would disfavour the formation of a trans

substituted peroxonium ion and perhaps result in the observed change in reaction
mechanism for cis versus trans ring substituted peroxonium ions.
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Experimental
Calculations were carried out using standard MINDO/3 procedures and
parameters. 6

Geometries were calculated by minimising the total energy with

respect to all geometric parameters using the modified Davidson, Fletcher, Powell
algorithm7 incorporated in the MINDO/3 program distributed by the Quantum
Chemistry Program Exchange and available through the University of London
Computer Centre (ULCC).

Unless otherwise indicated, NMR spectra were recorded with a Varian XL
200 spectrometer for solutions in CDC13.

60 MHz

NMR spectra were

obtained with a Jeol PMX 60 instrument and 400 MHz

NMR spectra with

a Varian VXR 400 spectrometer. Infrared spectra were measured with a PerkinElmer 983 instrument.

n-Butyl and sec-butyl hydroperoxides were prepared as

described by Williams and Mosher. 8

All other reagents were commercial

samples which were used as received.

Preparation of butyl peroxymercurials
p-Bromomercurioalkyl

butyl

peroxides

were

prepared

by

peroxymercuriation of 2-methyl-3-phenylpropene followed by anion exchange as
described previously, 1 ,9 and purified by column chromatography (Si02, CH2 C12).
For the peroxymercurial precursor of 5a (89% yield): !H NMR ppm; 0.95
(3H, t, J=7 Hz, CH2 CHj), 1.16-1.74 (4H, m, (CKJJ, 1.38 (3H, s, CH,), 1.81 and
1.92 (2H, AB, J=ll Hz, CI^HgBr), 2.63 and 3.13 (2H, AB, J=14 Hz, CILPh),
4.00 (2H, t, J= 6 Hz, OCH,), 7.22 (5H, m, Ph);
(CH^H,),

13C NMR ppm; 13.89q

19.51t (CH2 CH3), 27.62q (CH3), 29.92t

41.80t

(O C H £H J,

(CH2 HgBr), 45.20t (CH2 Ph), 74.79t (OCH2), 84.58s (OQ , 127.24d (Ph), 128.76d
(Ph), 130.57d (Ph), 137.42s (Ph);

199Hg NMR(ppm rel. to MejHg) -1022.

(Found: C, 33.39; H, 4.17. C1 4 H2 1 BrHg02 requires C, 33.51; H, 4.22%.)
For

the peroxymercurial

diastereoisomers) (54% yield):

precursor of 5b

(a

mixture

of

two

NMR ppm; 0.96 (3H, t, CH2 CRj), 1.22, 1.23

(3H, d, OCHCFy, 1.42 (3H, s, CCH,), 1.63, 1.67 (2H, quintet, CI^CH,), 1.81
and 1.94 (2H, AB, CI^HgBr), 2.67 and 3.17 (2H, AB, CH^h), 4.06 (1H, m,
CH), 7.3 (5H, m, Ph);

13C NMR ppm; 9.86q, 9.96q (CH£H3), 18.19q, 18.34q

(CHCH3), 27.34t, 27.40t (CH2 CH3), 27.60q (CCH3), 42.24t (CH2 HgBr), 45.45t,
45.53t (CH2 Ph), 80.93d, 81.04d (OCH), 84.17s, 84.23s (0 © , 127.66d (Ph),
128.59d (Ph), 130.73d (Ph), 137.43s (Ph); 199Hg NMR (ppm rel. to M^Hg) -1018
(t, 2 JH.Hg = 191 Hz).

(Found: C, 33.85; H, 4.18.

C14 H2 1 BrHg02 requires C,

33.51; H, 4.22%).
For the peroxymercurial precursors of 9a and 9b (77% yield; isomer ratio
28:72):

!H NMR ppm; 0.94 (t, CH^H,), 1.10 (t, CH/CH,), 1.32, 1.50 (d,

'CILCH), 1.3-1.7 (m, Q D , 1.9 (m, 4 CH2 -CHg), 2.6 (m, CHHg), 4.0 (t+m,
CH,0+CHO), 4.5 (m, CHO); 13C NMR ppm; 10.35, 16.78 (5 CH3), 13.98 (CH3),
18.73, 20.78 (!CH3), 19.35 (CH2 CH3), 26.04, 26.97 (4 CH2), 29.85 (OCH^H^,
51.98, 65.12 (CHHg), 74.18, 74.32 (CH2 0), 82.08, 89.64 (CHO).
24.74; H, 4.19. QH^BrHgO, requires C, 24.58; H, 4.35%).

(Found: C,

These isomers

could not be separated under conditions that proved successful for the rm-butyl
analogues. 2

Preparation of butyl (3-iodoalkyl peroxides.
Butyl p-iodoalkyl peroxides were prepared as previously described, 1 ,1 0 and
purified by medium pressure liquid chromatography. 2
For 5a (95% yield):

!H NMR (60 MHz) ppm; 0.94 (3H, t, J=7 Hz,

CH2 CRj), 1.25 (3H, s, CHj), 1.42 (2H, m, CltCH,), 1.61 (2H, m, OCH.CHJ,
2.92 and 3.06 (2H, AB, J=14 Hz, CHJ), 3.33 and 3.44 (2H, AB, J=10 Hz,
CHjPh), 4.06 (2H, t, OCH,), 7.27 (5H, m, Ph);

13C NMR ppm; 13.96q

(CH^H,), 14.43t (CH2 I), 18.40t (CH2 CH3), 21.98q (CH3), 29.86t (OCH^H,),
41.83t (CH.Ph), 74.61t (OCH,), 81.51s (OC), 126.52d (Ph), 127.98d (Ph),
130.42d (Ph), 136.54s (Ph). (Found: C, 48.36; H, 6.00.

C14 H2 1 I0 2 requires C,

48.29; H, 6.08%).
For 5b (a mixture of two diastereoisomers) (92% yield):

NMR ppm;

0.94 (3H, t, CH.CH,), 1.19, 1.20 (3H, d, OCHCH3 ), 1.25, 1.27 (3H, s, CH,), 1.41.6 (2H, m, CHjCH^, 2.9-3.5 (4H, m, CH,I,CH,Ph), 4.12 (1H, m, OCH), 7.3
(5H, m, Ph);

13C NMR ppm; 9.82q, 9.91q (CH^H,), 14.60t, 14.68t (CH,I),

18.19q, 18.33q (CHCH3), 22.17q, 22.25q (CH3), 27.43t, 27.48t (CH2 CH3), 42.13t,
42.21t (CH,Ph), 80.93d, 80.97d (OCH), 81.34s (OC), 126.55d (Ph), 128.02d (Ph),
130.56d (Ph), 136.76s (Ph).

(Found: C, 48.23; H, 5.68. C14 H2 1 I0 2 requires C,

48.29; H, 6.08%.)
For 9a (23% yield): *H NMR (400 MHz) ppm; 0.93 (t, CH^H,), 0.99 (t,
CH/CH,), 1.38 (m, CH^H,), 1.41 (m, 4 CH,CH3), 1.56 (m, OCH,CH,), 1.80 (d,
’CH^H), 3.89 (dt, 3 CHO), 3.96 (t, OCH,), 4.55 (dq, 2 CHI); 13C NMR ppm;
10.96 (5 CH3), 13.86 (CHjCH^, 19.29 (CH,CH3), 21.77 OCH^CH,), 28.22 ("CHI),
29.78 (OCH^Hj), 73.96 (OCH,), 88.43 0CHO).
For 9b (27% yield): !H NMR (400 MHz) ppm; 0.86 (t, CH.CH,), 1.01

(t, CH /CH ,), 1.16 (d, ‘CHjCH), 1.33 (m, CH,CH3), 1.52 (m, 4CH,CH3), 1.6-1. 8
(m, OCH2CH2), 3.39 (dq, 3CHI), 3.97 (t, OCH,), 4.42 (dt, "CHO);

13C NMR

ppm; 13.86q (C H £ H 3), 14.54q (5CH3), 16.83q (!CH3), 19.31t (CH2CH3), 29.51t
(4C H ), 29.87t (OCHjCH,), 44.30d fCH I), 74.411 (OCH,), 80.60d ("CHO).

Reaction of butyl p-iodoalkyl peroxides with silver trifluoroacetate
Silver trifluoroacetate (1:1 mol. equiv.) was added to a solution of the
butyl p-iodoalkyl peroxide in dichloromethane (50 cm3). The mixture was stirred
under reflux for 1 h (9a,9b), 4 h (5a), or
filtered through a sintered glass funnel

II

( 2

6

h (5b).

The mixture was then

cm diam.) containing silica

(1

cm)

covered with Celite (0.2 cm). The dichloromethane was removed under vacuum
and the products were separated by medium pressure chromatography (50 cm x
2.25 cm, silica, 1% EtOAc in light petroleum (bp 60-80 °C)).
5a and 5b afforded substitution products (6 a,b) and a mixture of
elimination products (7b and 8 a,b), whereas 9a and 9b gave only substitution
products.
For substitution product 6 a: !H NMR ppm; 0.92 (3H, t, CH,CHQ, 1.221.65 (4H, m, (CH,),), 1.50 (3H, s, CH,), 3.08 and 3.30 (2H, AB, CHaPh), 4.01
(2H, t, OCHa), 4.18 and 4.44 (2H, AB, CCHaO), 7.26 (5H, m, Ph); 13C NMR

ppm; 13.84

19.23 (CH3), 20.69 (CH2CH3), 29.65

42.05

(CKyPh), 74.37 (OCHa), 74.91 (OCHa), 88.51 (OC), 127.13 (Ph), 128.35 (Ph),
130.69 (Ph), 134.78 (Ph); C=0,CF3 do not appear.

(Found: C, 57.90; H, 6.31.

IR (C =0) 1780 cm1.

C16H21F30 4 requires C, 57.48; H, 6.33%.)

For substitution product

6

b: !H NMR (60 MHz) ppm; 0.8 (3H, t,

CHaQL), 1.1 (3H, d, CHCHj), 1.4 (2H, cm, CHaCH3), 1.4 (3H, s, CH,), 3.1 and
3.2 (2H, AB, CHaPh), 4.0 (1H, m, OCH), 4.2 and 4.3 (2H, AB, OCHa), 7.2 (5H,

m, Ph); 13C NMR ppm; 9.53 (CH£H3), 17.76 (CHCH3), 20.69 (CH3), 26.95
(CH2CH3), 42.04 (CHPh), 74.91 (OCHa), 81.02 (OCH), 88.68 (OC), 127.09 (Ph),
128.33 (Ph), 130.69 (Ph), 134.84 (Ph); C=0, CF3 do not appear.
1778 cm'1. (Found C, 57.80; H, 6.71.

N.B.

IR (C=0)

C16H21F30 4 requires C, 57.48; H, 6.33%).

Signal doubling in the NMR spectra was not detected which is

consistent with the structure given since the chiral centres are further apart than
in the precursor iodide 5b.
For substitution products from 9a: 13C NMR ppm; 9.99, 10.08 (5 CH3),
13.67, 13.85 (CHaCH3), 14.64, 14.83 (!CH3),19.09, 19.27 (CH2 CH3), 20.72, 20.89
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(4CH,), 29.59, 29.75 (OCH,CH,), 74.09,74.70 (OCH,), 78.66, 80.00, 84.43, 84.62
(2CH,3CH), C=0, CF3 do not appear.
For substitution product from 9b: 13C NMR ppm; 9.85 (5CH3), 12.47
OCH), 13.89 (CH,CH3), 19.30 (CH,CH3), 23.38 (4CH,), 29.79 (OCH£H,), 74.38
(OCH,), 78.98, 79.46 eCH,3CH), C=0, CF3 do not appear.
For elimination product 8a: *H NMR ppm; 0.92 (3H, t, J=7 Hz, CHjCHj),
1.2-1.7 (4H, m, (CH,),), 3.45 (2H, s, CH^h), 3.99 (2H, t, J=6 Hz, O C iy, 4.35
(2H, s, OCH,C), 4.97 (1H, s, C:CH), 5.13 (1H, s, C:CH), 7.25 (5H, m, Ph); l3C
NMR ppm; 13.89 (CH jO y, 19.30 (CH,CH3), 29.92 (O C H £iy, 40.01 (CH,Ph),
74.03 (OCH,), 115.42 (C:CH^, 126.21 (Ph), 128.35 (Ph), 129.09 (Ph), 138.92
(Ph), 144.24 (C:CH,); C:CCH,0 is undetected, but may overlap with CDQ3
solvent peaks.
For elimination products 7b and 8b: !H NMR (60 MHz) ppm; 0.9 (t,
CH,Ciy, 1.2 (d, CHCHj), 1.5 (m, CH,CH3), 2.0 (br.s, C ^ C iC ), 3.6 (br.s,
CH,Ph), 4.1 (1H, m, OCH), 4.4 (s, OCiy, 4.5 (s, OCiy, 5.0 (s, C:CH), 5.2 (s,
C:CH), 6.6 (br.s, PhCH:C), 7.2 (m, Ph); 13C NMR ppm; 9.74 (CH£H3), 18.13,
18.20 (CHCH3), 27.20, 27.27 (CH,CH3), 40.11 (CH,Ph), 80.53, 80.63 (OCHJ,
80.99(OCH), 115.40 (C:CH,), 126.19, 126.61 (Ph), 128.10, 128.34 (Ph), 128.92
(C:CHPh), 129.10, 129.16 (Ph), 138.98 (Ph), 144.24 (C :O y .
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Abstract
Each of eleven representative alkenes. R1R: C =C H R 3. has been found to react
with an equim olar am ount of mercury(II) acetate in about an eightfold excess o f
30% aqueous hydrogen peroxide to afford the hydroperoxym ercurial, R 'R 2C (O O H )
C H (H g O A c)R \ or a m ixture of the hydroperoxym ercurial and the corresponding
hydroxymercurial, R’ R2C (O H )C H (H gO A c)R \ which can be separated by colum n
chrom atography ( S i0 2, C H 2C12). Eight new hydroperoxvm ercurials have been
characterized.

Introduction
Alkyl peroxvm ercuriation o f alkenes (eq. 1, R4 = alkyl) provides a very versatile
m ethod of preparing dialkyl peroxides, particularly when cou p led w ith demercuriation [2]. The m ethod tolerates a variety o f functional groups in the alkene and can
be extended to the synthesis o f cyclic and bicyclic peroxides.
R1R2C =C H R j + R4O O H + H g ( 0 2C C X 3)2 -

R’ R2C ( 0 0 R 4 ) C H ( H g 0 2C C X ?)R 3
+

h o 2c c x

,

(1)

H ydroperoxym ercuriation (eq. 1, R4 = H) has been little studied by com parison.
O nly seven hydroperoxym ercurials have been fully characterised, and all the pre
parations involved the use o f concentrated aqueous (5 5 -8 7 % ) or anhydrous hydro
gen peroxide [3 -5 ]. We now report that hydroperoxym ercurials can be prepared
using the com m ercially available and less hazardous 30% hydrogen peroxide.

* F o r part XXI see ref. 1.

0 0 2 2 -3 2 8 X /8 9 /S 0 3 .5 0

e 1989 Elsevier Sequoia S.A.

R esults and discu ssion

When the alkene (10 mmol) was stirred for 45 min with a suspension of
m ercury(ll) acetate (10 m m ol) in 30% aqueous hydrogen peroxide (10 cm 3; ca. 90
m m ol) and the mixture then extracted with dichlorom ethane. a product was
obtained which, after anion exchange with aqueous potassium brom ide con sisted o f
either a mixture of hydroperoxymercurial (1) and hydroxym ercurial (2) or the
hydroperoxymercurial alone, depending upon the alkene (eq. 2; T ab le 1).
R 'R 2C =C H R 3

R'R2C (O O H )C H (H gB r)R 3
3U x i i 2 ^ 2

(1)

fxiir

+ R, R 2C (O H )C H (H g B r)R 3

(2 )

(2)
A uthentic sam ples of hydroxymercurials (2) were prepared, by using w ater in
place o f the 30% hydrogen peroxide, to provide com parative data. It is notew orthy
that in the 13C N M R spectra, the C O O H is consistently less sh ielded (5 larger by
11.3 to 13.8 ppm ) that the corresponding C O H , whereas the C H gC O O H is
consistently more shielded (6 smaller by 6.3 to 9.0 ppm ) than the corresponding
C H gC O H . Where the form ation of hydroperoxymercurials alone is reported (T able
1). hydroxymercurials were undetected by both 13C N M R spectroscop y and TLC.
A nalytically pure hydroperoxym ercurials were obtained by gravity colum n chro
m atography (SiO ,, C H 2C12).
A n exam ination of the results in Table 1 reveals that hydroperoxym ercurials were
obtained exclusively and in yields exceeding 90% for all alkenes bearing either a
single aryl substituent or gem inal substituents, whereas mixtures in m arkedly low er

T ab le 1
Products. R 'R : C (O O H )C H (H gB r)R 3 (1) and R1R2C (O H )C H (H gB r)R 3 (2), from h y d ro p ero x y m ercu ria
tion o f alkenes. R 'R 2C = C H R 3. w ith 30% aqueous hydrogen peroxide
A lkene

H ex -l-en e
Styrene
4-M ethvlstyrene
2 -M ethylpent-l -ene
a-M ethvlstvrene
( Z )-B ui-2-ene
( E )-But-2-ene
C yclopentene
Cyclohexane
( £)-H ex -3 -en e
1-M eihvlcyclohexene

Product distribution
(m ol% ) °

1

2

50
100
100
100
100
70
70
100
45
55
100

50
0
0
0
0
30
30
0
55
45
0

Yield (%)
of crude

Y ield (%)
o r p u re

1+ 2

1

74
94
99
92
92
31 r
15 d
41
44
58
96

24
_ h
79
86
h
15
10
13
_ h
11
82

“ C alculated to the nearest 5%- from 13C N M R peak intensities. h N o t purified: R1R2C (O O H )C H (H g X )R 3
is know n (see experim ental section). ‘ O rganom ercurv(ll) acetates (ratio 8 0 /2 0 ) isolated in 9 2 % yield by
liq u id -liq u id extraction with refluxing C H ; C I: . J O rganom ercury(II) acetates (ra tio 7 5 /2 5 ) isolated in
44*? yield by liq u id -liq u id extraction with refluxing C H ; CU.

3

yields were generally obtained for m onoalkyl- and 1.2-dialkyl-ethenes; no reaction
occurred with (Z ) - or ( £ )-stilb en e. The very low yields obtained from ( Z ) - and
( £ )-but-2-ene were shown to be due largely to water solubility o f the products.
Thus, when the organom ercurv(ll) acetates were isolated by liq u id -liq u id extraction
of the reaction mixtures with refluxing dichloromethane. the yields were increased
to 44 and 92% for ( £ ) - and (Z )-b u t-2-en e respectively, each product mixture being
slightly enriched in hydroperoxymercurial.
We believe that the product distributions observed arise from equilibrium c o n 
trol. In support o f this, the hydroxymercurial derived from 4-m ethylstyrene was
com pletely transformed into the corresponding hydroperoxymercurial w hen stirred
for 45 min with 30% hydrogen peroxide and an equimolar am ount o f acetic acid (eq.
3).
in® i j

4-M eC 6H 4C H (O H )C H 2H gO A c

a

4-MeC6H 4C H (O O H )C H 2H gO A c

(3 )

A single hydroperoxymercurial was obtained from each alkene, indicating that
the regio- and stereo-specificity norm ally observed for (per)oxym ercuriations is
preserved. Thus, this sim ple procedure using com mercially available reagents a f
fords fair to excellent yields o f hydroperoxymercurials from a representative range
o f alkenes.
Experimental

^
/

U nless otherwise stated, N M R spectra were recorded with a Varian X L 200
spectrom eter for solutions in CD C13, and chemical shifts are d ow n field from
tetram ethylsilane. 60 and 400 M H z 'H N M R spectra were recorded w ith a Jeol
P M X 60 and Varian V X /4 0 0 spectrom eter respectively, and 20 M H z 13C N M R
spectra with a Varian C FT20 spectrometer. All reagents were com m ercial sam ples
which were used as received.
Hydroperoxymercuriation
T he alkene (10 m m ol) was added to a magnetically stirred suspension o f
mercury(II) acetate (3.19 g; 10 m m ol) in 30% aqueous hydrogen peroxide (10 cm 3;
ca. 90 mmol). The mixture was stirred for 45 min and then extracted w ith
dichlorom ethane (3 X 10 cm3). The com bined extracts were stirred vigorously w ith
aqueous potassium brom ide (1.31 g; 11 mmol, 10 cm3) for 30 min. T he organic
phase was separated and the aqueous layer extracted with more dichlorom ethane
(2 X 10 cm 3). The com bined dichlorom ethane solutions were dried (M g S 0 4 ) and the
solvent was removed with a rotary evaporator to afford the crude product.
The only variations on this procedure w-ere as follow's, (i) The reactions w ith ( Z ) and ( £ )-but-2-ene w-ere carried out at - 1 5 ° C , with addition of the alkene as the
neat liquid; the anion exchange was carried out at room tem perature in the norm al
way. (ii) The reaction mixture containing 4-methylstyrene was placed in an ultra
sound bath for 30 min before being stirred as usual.
Pure hydroperoxymercurial (1) was isolated by colum n chrom atography on
Merck Kieselgel (7 0 -2 3 0 mesh) w'ith dichlorom ethane as eluant. The eluted frac
tions were analysed by TLC (Merck aluminium-backed Kieselgel 60 F254; C H 2C12),
a solution of dithizone in chloroform being used to reveal the organom ercurials.

Each hydroxymercurial 2 was eluted ahead o f the corresponding hydroperoxym er
curial 1. Y ields are given in Table 1; spectroscopic and analytical data are given
below .
l-Brom om ercurio-2-hydroperoxyhexane (from h ex-l-ene): oil; 5 (H ) 0.92 t (3H ),
1 .2 -1 .6 m (5H ). 1 .6 -1 .9 m (1H), 2.14 dd ( J 12. 6.4 Hz; 1H). 2.41 dd ( J 12, 4.6 Hz;
1H ), 4.43 m (1H ), and 8.77 s (1H); 6(C ) 14.19, 22.67, 28.01, 35.88. 38.98, and 84.64.
(F ound: C. 17.92; H. 3.31. C6H ,3B rH g02 calcd.: C, 18.12; H, 3.29%).
l-B rom om ercurio-2-hydroperoxy-2-phenylethane (from styrene): oil (not puri
fied); 6(H ) 2.11, 2.22 A B X ( J 12, 7, 7 Hz; 2H ), 5.23 t (1H ), 7 .2 0 -7 .3 5 m (5H ), and
8.1 br s (1H ); 6(C ) 39.39, 86.09. 126.14, 128.41, 128.91, and 141.90.
For the corresponding organomercury(II) acetate: w hite solid, m.p. 1 1 0 -1 1 4 ° C
(lit. m.p. 1 1 4 -1 1 5 ° C [4], 1 1 8 -1 1 9 ° C [3]); 5 (H ) (60 M H z; 1 /1 C D C 13 & pyridine)
2.02 s (3H ), 2.25 A B X (2H ), 5.28 t (1H ), other signals obscured by solvent; 5 (C)
(20 M H z; 1 /1 C D C13 & pyridine) 23.41, 29.57, 85.77, 126.31, 128.36, 128.56,
143.86, and 176.62.
l-B rom om ercurio-2-hydroperoxy-2-(4-m ethylphenyl)ethane (from 4-m ethylsty
rene): oil; 5(H ) 2.20, 2.28 A B X ( J 12, 7.4, 6.3 Hz; 2H ), 2.32 s (3H ), 5.27 t (1H ),
7.17, 7.24 AB ( J 8.3 Hz, 4H ), 8.62 s (1H): 5(C ) 21.49, 39.88, 86.33, 126.44, 129.86,
138.38, and 139.14. (Found: C, 24.73; H, 2.60. C9H n B r H g 0 2 calcd.: C, 25.04; H,
2.56%).
l-Brom om ercurio-2-hydroperoxy-2-m ethylpentane (from 2-m ethylpent-l-ene):
oil; 5 (H ) 0.89 t (3H ), 127 s (3H ), 1.33 m (2H ), 1.53 m (2H ), 2.19 s (2H ), and 8.26 s
(1H ); 5(C ) (20 M H z) i4.6 1 , 17.67, 25.74, 42.63, 44.62, and 86.17. (Found: C, 18.11,
H, 3.26. Q H , 3B rH g 0 2 calcd.: C, 18.12; H, 3.29%).
l-Brom om ercurio-2-hydroperoxy-2-phenylpropane (from a-m ethylstyrene): oil
(n ot purified); 5(H ) 1.67 s (3H), 2.34, 2.38 A B ( J 12 Hz, 2H ), 7 .2 0 -7 .4 6 m (5H ),
and 8.25 br s (1H ) (lit. 1.77 (3H ), 2.70 A B (2H ), and 7.51 (5H ) for corresponding
organom ercury(II) trifluoroacetate [5]); 6(C ) 28.09. 47.13, 86.98, 124.94, 127.67,
128.86, and 145.23 (lit. 28.2, 38.0, 86.4, 125.1, 128.1, 129.1 and 144.9 for correspond
ing organom ercury(II) trifluoroacetate [5]).
r/ireo-2-Brom omercurio-3-hydroperoxybutane (from (Z )-b u t-2 -en e): white solid
(unstable); 5(H ) (400 M H z) 1.33 d (3H ), 1.47 d ( V ( H g - H ) 134 Hz, 3H ), 2.58 dq ( V
7.5, 5.1 Hz, V( H g -H ) 109 Hz, 1H), 4.35 dq ( V 5.9, 5.1 Hz, V (H g -H ) 136 Hz, 1H),
and 8.16 s (1H ); 6(C ) 18.55, 19.81, 52.66. and 86.20.
For the corresponding organomercury(II) acetate: 5(C ) 1 8 .2 7 ,1 9 .6 4 , 22.77, 45.05,
85.66, and 177.40.
erv’//iro-2-Brom om ercurio-3-hydroperoxybutane (from (£ )-b u t-2 -e n e ): oil, 5 (H )
I.3 2 d (3H ), 1.45 d (3H ), 3.16 dq (V 8, 4 Hz, 1H), 4.49 dq ( V 6, 4 Hz, 1H), and 7.28
s (1H ); 5(C ) 16.17, 19.11, 53.38, and 85.06. (Found: C, 12.91: H, 2.17. C4H 9BrHgO,
calcd.: C, 13.00; H, 2.45%).
For the corresponding organomercury(II) acetate: 6(C ) 15.98, 18.98, 22.46, 46.62,
84.50, and 177.31.
m 7rtj-l-Brom om ercurio-2-hydroperoxycyclopentane (from cyclopentene): oil;
6 (H ) 1 .5 -1 .8 m (4H ), 1.97 m (1H ), 2 .1 7 'in (1H ), 2.85 m (1H ), 4.89 m (1H ), and 8.2
br s (1H ): 6(C ) 24.14, 29.56, 30.17, 56.28. and 90.40. (F ou n d: C, 16.08; H, 2.23.
C5H 9B r H g 0 2 calcd.: C, 15.70; H, 2.37%).
rra/u-l-B rom om ercurio-2-hydroperoxvcyclohexane (from cyclohexene): white
solid with very low solubility (not purified); (6 (C ) m ixed with corresponding
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hydroxymcrcurial; D M S O /D M S O -J 6) 23.55. 27.86. 30.33. 32.38, 55.44. and 85.19.
The corresponding organomercurv(II) acetate is known, m.p. 1 0 2 - 1 0 3 ° C [3],
9 5 - 1 0 2 ° C [4], but no N M R data have been reported.
c,n7/?ro-3-Brom om ercurio-4-hydroperoxyhexane (from ( £ )-h ex -3 -en e): oil; 6 (H )
1.05 t (3H ). 1.12 t (3H ), 1 .4 0 $ 1.68 m (1H), 1.70-1.94 m (3H ), 3 .1 0 -3 .2 0 m (1H ),
4 .2 3 -4 .3 2 m (1H ). and 8.51 br s (1H); 6(C) 10.60. 16.86, 23.44, 26.84. 63.52, and
89.75. (Found: C, 18.16: H, 3.33. C6H ,,B r H g 0 2 calcd.: C, 18.12: H, 3.29%).
For the corresponding organomercury(II) acetate: 6(C ) 10.55, 16.71, 23.15, 23.48,
26.72, 62.93. 88.80, and 177.78.
l-B rom om ercurio-2-hydroperoxy-2-m ethylcyclohexane (from 1-m ethylcyclohexene): w hite solid, d ecom poses at ca. 110° C; 6 (H; 400 M H z) 1 .3 2 -1 .4 6 m (2H ),
1.41 s (3H ), 1 .6 3 -1 .7 6 m (4H ), 1.78-1.88 m (1H), 2.16-2.21 m (1H ), 2.90 dd ( J 11.3,
3.8; 1H), and 7.56 s (1H ); 8(C ) 22.82, 25.36. 28.65. 30.28, 37.14, 64.07, and 85.66.
(Found: C, 20.55; H, 3.08. C 7H ,3B rH g02 calcd.; C, 20.52; H, 3.20%).
H ydroxym ercuriation
The m ethod w as identical to hydroperoxymercuriation excep t that water was
used in place of 30% hydrogen peroxide.
l-B rom om ercurio-2-hvdroxyhexane (from hex-l-ene): white solid (87%); 8(C )
14.13, 22.66, 28.30, 41.47. and 45.37, and 71.42.
l-B rom om ercurio-2-hydroxy-2-phenylethane (from styrene): w hite solid, m.p.
1 0 8 - 1 1 0 ° C (97%); 8(C ) 46.34, 73.29, 124.78. 128.03, 129.06, and 146.64.
l-Brom om ercurio-2-hydroxy-2-(4-m ethylphenyl)ethane (from 4-m ethylstyrene):
w hite solid, m.p. 8 2 -8 5 ° C (85%); 6(C ) 21.15, 46.97, 73.19, 124.77, 129.69, 137.73,
and 143.74.
l-Brom om ercurio-2-hydroxy-2-m ethylpentane (from 2 -m eth ylp en t-l-en e): white
solid (83%); 8(C ) 14.74, 18.23, 31.29, 48.56, 51.88, and 74.84.
l-B rom om ercurio-2-hydroxy-2-phenylpropane (from a-m ethylstyrene): white
solid, m .p. 6 4 -6 7 ° C (94%); 6(C ) 33.70, 53.40, 75.65, 123.90, 126.86, 128.45, and
149.62.
//ireo-2-Brom om ercurio-3-hydroxybutane (from (Z )-b u t-2-en e): 8 (C ) 18.79, 25.19,
60.96, and 73.25.
e/>r/iro-2-Brom om ercurio-3-hydroxybutane (from ( £ )-b u t-2 -en e): 5(C ) 17.03,
24.76. 60.80, and 72.57.
/ranj-l-B rom om ercurio-2-hydroxycyclopentane (from cyclopentene): oil (11%);
5(C ) 23.56. 29.20, 33.90, 57.40, and 77.28.
/ra/js-l-B rom om ercurio-2-hydroxycyclohexane (from cyclohexene): white solid
(80%); 6(C ) ( D M S O /D M S O - J J 23.87, 27.40, 31.11, 37.76, 63.70. and 72.46.
em /iro-3-B rom om ercurio-4-hydroxyhexane (from ( £ )-h ex -3 -en e): w hite solid
(5%); 5(C ) 10.30. 16.58. 24.12, 32.02, 70.91. and 75.94.
l-Brom om ercurio-2-hydroxy-2-m ethylcyclohexane (from 1-M ethylcyclohexene):
w hite solid (71%); 5(C ) *23.33, 28.35, 30.47. 31.12, 42.90, 70.71, and 74.33.
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Heterolytic Oxygen-Oxygen Bond Formation via gem-Dialkylperoxonium Ions
Stephen P. B est, A. J . Bloodw orth,* and Michael D. Spencer
Dhemistry Department, University College London, 20 Gordon Street, London WC1H OAJ, U.K.
Different extents of decom position for the cis and trans isomers of 4,5-epoxycyclo-octyl hydroperoxide coupled with
:he quantitative formation of oxygen (m eaea rod by Raman spectroscopy) and bicyclic ethers suggest a mechanism
ivolving the heterolytic formation of protonated alkyl hydrotrioxides by nucleophilic attack of hydroperoxide on
gem-dialkylperoxonium ions.
Hiere are very few established examples of heterolytic
ttygen-oxygen bond formation.1-2 The recently discovered3
?rm-dialkylperoxonium ions may provide a new source of
:lectrophilic oxygen for such processes. Results which support
'■his proposal and which point to the formation of protonated
Jtyl hydrotrioxides as the initial products are reported.
Treatment of cyclo-oct-4-enyl hydroperoxide with miiloroperoxybenzoic acid in dichloromethane rapidly affor•cd a 58:42 mixture of cis- and tra/u-4,5-epoxycyclo-octyl
ydroperoxide (lc,t) which was isolated by chromatography
to neutral Brockman grade 4 alumina at - 3 0 °C. A solution of
lc,t) in CD2C12 was slowly transformed (3— 4 days) into a
fixture containing the following components (Scheme 1) in
he molar ratio indicated. (2) (20%), (3) (15%), (4c) (13%),
5) (10%), and unchanged (lc) (42%). The reaction was
monitored by l3C NMR spectroscopy (Figure 1). The com
ponents were identified by comparison with authentic samples
*nd the molar ratio was determined from 13C NMR peak
^tensities for all methylene carbon nuclei. We estimate that
his method provides molar fractions to an accuracy of ±5%
tod the spread of results over four runs fell within these limits.
The formation of oxygen (Scheme 1) was established by
Parrying out the reaction in a sealed NMR tube under nitrogen
at ca. 0.2 torr and analysing the gaseous phase (Raman
■pectroscopy4). The Raman spectra recorded before and after
faction, which were correlated with the 13C NMR spectra of
he solution phase (Figure 1), are shown in Figure 2. By
POrnparing the line intensities due to rotational transitions of
oxygen and nitrogen in the final spectrum with those in the
Pectrum of air, it was possible to estimate the partial pressure
Jf oxygen in the tube:and thafaby the number of moles o ftoygcn produced. This'was found to be equal to onah atfof the
tomber of moles of (lc,t) consumed.
^
The reaction was also carried out with cyclo-oct-4-enyl
pydroperoxide-^Oz and the bicyclic ethers (2) and (3) were
elated by HPLC. Mass spectral analysis (18 eV) revealed
hat these were monolabelled, thereby confirming that the
a*ygen is derived from the hydroperoxyl group.
The markedly different extents of decomposition for the cis
tod trans isomers of the 4 ,5 -epoxycyclo-octyl hydroperoxide
5?ues against a mechanism involving peroxyl radicals.
unhermore, model studies suggest that 4,5-epoxycyclo*tanone (5) would be the major product under radical
:°nditions. However, the results are explained by the polar
Mechanism shown in Scheme 2. Protonation of th\e trans
corner followed by intramolecular nucleophilic attack affords
•he isomeric gem-dialkylperoxonium ions (6) and (7) (step a),
htermolecular nucleophilic attack by the hydroperoxides

A C

— (y©
, tte .

r A t^Ot—

i

(lc,t) yields the bicyclic ethers (2) and (3) and the protonated
hydrotrioxides (8c,t) in the heterolytic 0 - 0 bond-forming
step (b). A prototropic shift and unimolecular decomposition
produces oxygen plus cis- or fro/ty-4,5-epoxycyclo-octanol
(4c,t) and regenerates the proton catalyst (step c). The trans
alcohol (4t) rapidly rearranges to the bicyclic ethers (2) and (3)
(step d; confirmed by an independent experiment).
The formation of peroxonium ions (6) or (7) (step a) is
expected to be rate determining and, in agreement with this,
no NMR signals attributable to these intermediates were
detected during the course of the reaction. Assuming kt <
ktfrans,khcis, where k%is the overall rate constant for step (a)
and kttrans and k bcis are the rate constants for the reaction of
(It) and (lc), respectively, with peroxonium ions (6) or (7)
(step b), the amount of (lc) remaining at the end of the
reaction was calculated! for different ratios of k^rans to k^cis.
The observed and calculated amounts were found to agree
within experimental error if kyjtrans is set to 2kyds. We
consider this small difference in the rate constants for the two
isomers to be compatible with the mechanism proposed in
Scheme 2.
The small yield of 4,5-epoxycydo-octanone (S) may signal
some concurrent radical decomposition, although an alterna
tive mode of dissociation for the protonated hydrotrioxide
(8c,t) could also account for this observation.
The mechanism requires that the oxygen be generated in the
singlet state and we attempted to detect this by adding
1,3-diphenylisobenzofuran5 to the mixture of hydroperoxides
(lc,t). A good yield of 1,2-dibenzoylbenzene was indeed
obtained, but this cannot be taken as firm evidence for singlet
oxygen since it was shown that the cis isomer (lc) [and
therefore by implication also the trans isomer (It)] was itself
able to effect this transformation.
Alkyl hydrotrioxides are an unstable and little studied class
of peroxides, but they have been reported to undergo
decomposition to oxygen and alcohol and to hydrogen
peroxide and ketone.6 The only previously reported route to
alkyl hydrotrioxides involves incorporation of the intact 0 3
unit by ozonation.
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support.
Received, 16th October 1989; Com. 9/04437J

References
1 E. Koubek, G. Levey, and J. O. Edwards, Inorg. Chem., 1964,3,
1331.
2 J. 0 . Edwards, R. H. Pater, R. Curci, and F. DiFuria, Photochem.
Photobiol., 1979,30, 63.
3 A . J. Bloodworth, T. Melvin, and J. C. Mitchell, J. Org. Chem.,
1986, 51,2612; 1988,53.1078.
4 S. P. Best, A . J. Bloodworth, R. J. H. Gark, and H. J. Eggelte,
J. Am . Chem. Soc., 1985,107,2626.
5 R. W. Murray, in ‘Singlet Oxygen,’ eds. H. H. Wasserman and
R. W. Murray, Academic Press, New York, 1979, p. 84.
6 B. Plesnicar, in ‘The Chemistry of Peroxides,’ ed. S. Patai, Wiley,
New York, 1983, p. 501.

t Using a simple model which treats the reaction as 102 to 10®
sequential steps; convergence occurred within 104 steps.
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Figure 1. ^ -D ecou p led
NMR spectra showing the resonances of
carbon atoms bonded to oxygen for a solution of (lc ,t) in CD 2 CI2 (a)
before and (b) after reaction.
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Figure 2. Raman spectra o f the gas phase above a solution of ( lc tt) in
CD 2 G 2 sealed under nitrogen (0.2 torr) (a) before and (b) after
reaction.

