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ABSTRACT

Oxidative deselenation and desulphurisation at
pentacovalent phosphorus, using a wvariety of chemical
oxidising reagents and photochemically generated species
has been investigated.

Chapter 1 preovides a general introduction to the
photochemistry while chapters 2, 4 and 6 contain a
discussion of oxidative deselenation at pentacovalent
phosphorus with singlet oxygen, 1,2-dicarbonyl based
initiaters and a manganese III porphyrin in the presence
of periodate ions and imidazole. Evidence for the
involvement of singlet oxygen, in dye sensitised oxidative
deselenation reactions, has been obtained from quenching
studies and further inferred by examining the kinetic
solvent isotope effect. The photooxidative deselenation
reactions promoted by 1,2-dicarbonyl based initiators are
thought to occur via the intermediacy of peroxy radicals.
Possible mechanisms for these reactions have  been
postulated.

Chapters 3 and 5 report on the oxidative
deselenation and desulphurisation at pentacovalent
phosphorus by a number of photochemically generated
species. These include a persulphoxide, excited N-oxides
{or their photoproducts) and a carbonyl oxide.

In chapter 7 oxidative deselenation and

desulphurisation at pentacovalent phosphorus, wusing a



large number of chemical oxidising reagents, has been
reported. Various mechanisms have been proposed.

Finally, chapter 8 describes the experimental
procedure for the preparation of organophosphorus
compounds, in addition to the details of the wvarious
oxidation reactions and methods for analysing the products

of these reactions.
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CHAPTER 1

INTRODUCTION TO PHOTOCHEMISTRY
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155E INTRODUCTION

6 have produced

Since several of the text books'~
excellent reviews, regarding the creation of high
energy electronic states and the detailed mechanistic
investigations of the wvarious complex decay processes
that are open to these states, only a basic
introduction to photochemistry is given here.
Photochemistry is concerned primarily with the fate of
the single photon of either ultra-violet or wvisible
radiation by the molecule. The energy associated with

these photons is proportional to the fregquency (w) of the

respective radiations and is given by equation 1.1.

(el E hv = he/ a
where E is the energy of photons, h is the PFlanck's
constant, ¢ is the - velocity of light, and the

wavelength of incident light.

However, if these higher energy species or
molecules are not wutilised in the photochemical

reactions they can then return to the stable ground
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state ESGI by wvarious photophysical processes which are
available to them. These are illustrated
schematically in 150 e il Ly 1 Such a schematic
representation of the energy levels and photophysical
processes which can occur in the excited molecule is
commonly called a Jablonski diagram.? The electronic
states are represented by the heavy horizontal lines
while the vibrational states, associated with each
electronic energy 1level or state, are depicted as
and T

=] represent

narrow lines; the symbols Sﬁ' Sl, 5 1
the ground state, first and second excited singlet
states (electron spins antiparallel), and the first
triplet state (electron spins parallel) respectively.
These sets of energy levels are commonly referred to as

the singlet and triplet manifolds.

The lowest triplet level {Tl] is usually placed at
lower energy than the 1lowest excited singlet level
{Sl], in accordance with Hund's rule. This states
that the state of maximum multiplicity, i.e. with the
highest number of wunpaired electrons, lies at the

lowest energy.

Upon excitation of a molecule, rapid transitions
from the singlet ground state to the singlet excited
states take place. The rate constant measurements

have shown these absorptions to be extremely efficient
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i.e. in the general range 102 lﬂl6 sec_l.

The "activated molecule", apart from undergoing
chemical reactions, may dissipate its acguired energy
through intramolecular transitions from the wibrational
levels of the upper electronically excited state to the
higher wvibrational levels of the lower excited state.
These processes are known as Internal Conversions (IC)
and are not as efficient as absorption transitions, but

nevertheless they still have relatively high rate

constants in the range [5§M+Sl] lDll - l'Dl4 and {5f+h+5&
HOLE- D2 sechs)
P =—"AAI C—>

Fig.l.l; A modified Jablonski diagram showing both
non-radiative and radiative processes available to

molecules. Where IC = internal conversion; VR =
vibrational relaxation; ISC = intersystem crossing; h\%
= fluorescence: h S = phosphorescence and h VS

ahsorotion. = =
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The internal conversions are followed immediately
by further transitions, from higher to lower
vibrational lewvels to eventually populate the lowest
vibrational Jlevel of the excited state. These
transitions occcur within each excited state and are

termed Vibrational Relaxation (VR). The VR processes

enable the high energy molecule to transfer its excess
vibrational quanta to other molecules by molecular
collisions, involving a rate constant in the general
range 1DlzsecPl. Thus emissicns from upper excited
states are not obhserved under normal conditions.
These two intramolecular (Internal Conversion and

Vibrational Relaxation) transitions are known as

radiationless or non-radiation processes.

The molecule may also lose its acgquired energy by
a third radiationless @process called Intersystem
Crossing (ISC). This involves electronic transitions
between singlet and +triplet states. Under the
selection rules ISC is spin-forbidden and therefore
should not occur. However, the singlet and triplet
states are mixed, through the process of spin-orbital
coupling. These intersystem crossing processes
proceed relatively fast with rate constants in the
region of lﬂg—lﬂlzsec_l for Sf*NHTl transitions. They

can be enhanced by internal and external heavy atom
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effects e.g. by incorporation of an Iodine atom into
the molecule, by the presence of xenon in solution or

the use of solvents containing heavy atoms.

Furthermore, transitions from the Tf——}ﬁ]states,
Radiative Phosphorescence, are fairly slow with lower
1 +.5 -1

rate constants i.e. in the region of 10 ~-10 ~“sec .
Consequently, the lowest triplet states are
relatively 1long-lived in comparison to the lowest
singlet states. Therefore the probability of
photochemical reactions arising from the chemical
reactivity of the triplet states is increased. In
addition these triplet states are readily quenched by
impurities 'in the solvents, and thus the radiative
process of phosphorescence is prohibited. Deeay
processes such as wvibrational relaxation, which occur
immediately after intersystem crossing, and internal
conversion operate in the triplet states as they do in

the singlet states.

The excited molecule can also return to the ground

state by the second radiative route, involving
electronic transitions between states of same
multiplicity i.e. S;—>5,. These processes are rapid

and produce rate constants in the region of

9 1

and are accompanied by the emission of a

106—10 sec
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guantumof light (hv) from the excited state. This is
a characteristic of radiative transitions. These
emissions are known as Fluorescence and they may

complete with radiationless processes.

l.la Franck - Condon Principle; states that electronic
-15

transitions are so fast (10 sec), in comparison to

nuclear motion {10_1zsec]. that during the act of
electronic transitions the nuclei do not alter
appreciably their relative positions or their kinetic
energies. Hence the initially formed excited state
must have similar geometry to the ground state. This
is illustrated by referring to Morse Curves such as
those shown in fig.l.2a. The curves represent the
potential energy of the electronic ground state lE“:

]
and of an excited state (g ) of a diatomic molecule as

a function of the internuclear distance (r).
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(Excited electronic state)

2,0
1,0
3,0
G,IG a
1
]

(ground electronic state)
Fig.l.2(b),
consequence of

r'}r"
e e |

Fig.l.2a; 5Schematic representation of potential eneragy
CUrves of a diatomic molecule illustrating the
application of the Franck-Conden principle.

This example represents a common situation where
the equilibrium internuclear distance in the excited
state is slightly larger than the corresponding
distance in the ground state. This is to be expected
since the excitation of an electron, from the bonding
or non-bonding orbital +to an anti-bonding orbital,

results in a weakening of the bond.

Since at room temperature almost all of the
molecules are in the lowest wvibrational level (v" = 0}

of the ground state, excitation will occur from this

level. According to the Franck-Condeon principle, only
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vertical transitions are allowed since instantaneous
changes in the bond distance cannot occur. Moreover,
the vertical transition must lead to vibrational levels
of the excited state which do not lie too far from the
curve since the Xkinetic energy of the molecule cannot
undergo appreciable changes. Thus the most intense
transition that occurs is probably fromwv"' = 0 to

v' = 2, upper vibrational state. Although transitions
to lower and higher v' states can also take place these
will be generally weak in intensity, as shown in
el fd bl o However, in general, the upper state most
probably populated will depend on the difference
between the equilibrium separations in the lower and
upper state. For example when the upper state
separation {re' ) is considerably greater than that in
the lower state [re“'} the wvibrational level to which a
transition takes place has a high +' walue. Further,
transitions can occur to a state where the excited
molecule has energy in excess of its own dissociation
energy. From such states the molecule will dissociate
without any wvibration and, since the atoms which are
formed may take up any value of kinetic energy, the

transitions are not guantised and a continuum results,

figl.3

continuum
e —

em™t —>

Fig.l.3; Showing the consequence of ré EERT A

=
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Alternatively, for an ideal system with the same

egquilibrium . internuclear distance in the excited and

ground state i.e. re’ = re“ , the most intense and
likely transition occurs from v" = 0 to v'= 0. This
is referred to as the (0,0) transition. In addition
transitions to v' = 1,2,etc can also proceed, as shown

in fig.l.4, but these diminish rapidly in intensity.

0,0
1,0
2,0
3,0
| |
cm t— ?
Fig.l.4; Showing the consequence of rcf = rei_
1.1b Molecular Orbitals Involved in Electronic

Transitions.

On absorption of ultra-vioclet or wvisible light by
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a molecule, as a first approximation, only one electron
is promoted to a higher energy level while all others
are unaffected. The initial excited state thus
produced has a short lifetime, 1(]'IIS - lﬂ_gsec, and as a
consequence of the time interval inveolved for an
electrconic transition, lﬂ_155ec, no change of electron
spin can occur during this electronic excitation.
These types of states where both electrons in the

ground and excited states have antiparallel spins, are

referred to as singlet states Elm or MS where n = 0 or
n

a positive integer). Where the two electrons have
parallel spins the electronic states are known as

triplet states {3M or Mj ).
n

The one-electron transition probably occurs from
the highest occupied molecular orbital to the lowest
available unfilled orbital, but in several cases many
transitions can proceed thus giving numerous absorption
bands in the spectrum. However, not all transitions
from filled to unfilled orbitals are allowed. In
order to decide whether a transition is allowed or
forbidden the following points must be taken into

consideration:

(1) The gecmetry of the ground state

molecular orbital
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(ii) The geometry of the excited state
molecular orbital

{iii) The orientation of the electric dipole
of the incident light that might induce

the transition.

Provided these three haver an appropriate symmetry
relationship with each other, the transitions will be

allowed.

The appropriate electronic transitions in terms of

g {bonding), ¢* (antibonding), =+ (bonding), v *
(antibonding), and lone pair (nonbonding, designated by
n) orbitals are shown in £ig.l1.5. In most organic
molecules o orbitals have the lowest energy, with the
energies of =, n* and o¢* orbitals being progressively
higher. The energyof. norbitals is strongly influenced

by the degree of conjugation.

A D © =
(n=>oc*)
QS Y g s
Energy O @ (n-an*) i
n

(T—mm*)

D
S e
oD

Fig.l.5;0rbitals involved in electronic transitions of
Organic molecules and their relative energies.

a
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The energy of n orbitals may lie above or below that of
the m orbitals, akthough in the above example it is
shown to be higher in energy than in the = orbital.
The most common transitions encountered in organic
molecules are: n—n *, n—3 1 *, n—o * and occasionally
g~—3 g*, as shown in fig.l1l.5. Depending on which
transition takes place a wvariety of molecular excited
states is possible. For example an excited state
derived from an n—3w* transition is known as an n, 7*
state, that from ar—n* transition as a =, »* state and
50 0On.

n—3n* Transitions are very important since these are

usually the lowest in energy and are characteristic of
molecules possessing chromophores with multiple bonded
hetercatoms, e.g. C = 0, C = N, € = 5§ and N = 0.
However, since the transitions are normally highly
symmetrical in nature they are forbidden under the
symmetry regquirements discussed earlier. Hence, only
low intensity absorptions can be produced. These
usually occur at longer wavelengths. For example, in
saturated aliphatic ketones, although the n—p a1 *
transition is forbidden it occurs at longer wavelengths

t280nm) than n—yn* transitions.

n—3 * Transitions, analogous to n—yn* absorptions,
require relatively small excitation energies, Hence

they are involved in many photochemical reactions of
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organic molecules. However, since these transitions
are symmetry allnwedjintense broad absorptions in the
vacuoum ulktra-violet may be produced. In simple
alkenes, several transitions are available, but the
lowest energy transition r—an * is the most important
and occurs around 170-190nm. Furthermore, in
conjugated alkenes this transition shifts +to longer
wavelengths. This occurs because the 7™ orbitals of the
separate alkene groups combine to form new orbitals,
two bonding nl,ﬂzj and two antibonding [wB*, “4*}'
£igaiasib The conseguence of these orbital
combinaticns is a reduction in the energy gap between
the highest occupied molecular orbital and the lowest
unoccupied molecular orbital. Hence the new s— n*

transitiona of wvery 1low energy | wf————}ﬂB*]J becomes

possible.
.“*
MR Y |
g # _._..."r ‘\\_._. *
/ 7Y "1 {f i
\ "
/ \ m 3

Fig.l.6;0rbital energies of ethene and buta -1, 3-diene,
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n—» g * Transitions are partially forbidden and hence

give rise to low intensity absorptions. In the case
of alkylhalides the excitation of a non-bonding halogen
P-electron into the ¢ * antibonding C-X orbital leads to
the homolytic cleavage of the C-X bonds, relatively

efficiently, to generate alkyl and halcﬁgnradicals.

ultravioclet,

Scheme 1.1 R -X Tight » B° + X°

o —» o* transitions are high energy absorptions and

involve the promotion of an electron from the low-lying

¢ orbital to a high-energy o * antibonding orbital.
These +transitions occur at wvery short wavelengths of
ultraviolet 1light, around 150nm, and are associated

with saturated hydrocarbons.

l.lc Abscrpticon cof Light; the Beer-Lambert Law

The absorption of radiation by a substance is
governed by two important principles: Beer's Law and
Lambert's Law. Beer's Law states that the amount of
light absorbed is proportional to the concentration of

absorbing molecules in the light path, while Lambert's
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Law states that the proportioen of light absorbed by a

medium is independent of the initial intensity {IO}.

These relationships are best expressed in terms of
the combined Beer-Lambert Law, which is given by

equation:

(1.2) lc-gl[ID;"It] =€C1

Where ID is the intensity of incident monochromatic
1ightl I, is the intensity of the transmitted light, ¢
is the molar absorptivity (formerly referred to as the

3 1

molecular extinction coefficient, mol_ldm CIilas N E s

the concentration of solute (mol .;ilm-'3

}, 1 is the path
length of the sample (cm) and log {Ioflt} is the
absorbance (A) of the solution, formerly called optical

density, which can be defined as shown in eguation 1.3:

Lk zh A= lcgiioflt] = €C1

Modern double-beam instruments can record the
absorbance directly. Hence for a given concentration
of the absorbing material, of known optical path
length, meclar absorptivity can easily be calculated.
This will be constant for a particular compcocund at a
given wavelength and is most commonly expressed as Eﬁaxr

the molar absorptivity at an absorption band maximum.
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If there 1is more than one abscorbing species
present in the solution the total absorbance of the
system is then given by the sum of the absorbances of
the individual components i.e. A=3X€C1l, provided that

the components do not interact.

1.1d Quantum Yields

The efficiency of photochemical reactions and
photophysical ©processes can be described by their
gquantum vield (4). This is defined as the number of
molecules undergoing a particular process divided by

the number of photons absorbed:

number of molecules which react - rate
number of photons absorbed I

(1.4) b =

Where I is the rate (i.e. intensity) of absorption of

radiation.

For a molecule (&) undergoing light absorption and
the reaction from its lowest excited singlet state {Sl}
to form a product (B) the following simple scheme can

be written:
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Kr-'_,.-ﬂ?B
Scheme 1.2 ﬁs hxji AS
K A
=1 SG

The quantum yield ( ¢B] for the product formation can

now be given by:

K. [AS ]
(N EY ¢ —rate of formation of product B = 1
¥ y B I ¥ I
using the steady state approximation for [AS 1%
1
d[ASl]
T 0 =1I- {Kr+K_1][ﬁﬁ ]
1
(1.6) [Asl] = I/(K_+K_;)
Substitution of [AS ] into eguation 1.5 gives
1
Sl
i3] ¢B_{Kr
r+K_1]
where K =K + K + K_ - rate constants for internal
-1 i isc E

conversion, intersystem crossing and flucrescence

respectively.

Thus the efficiency of the reaction depends only

upon the rate of reaction relative to the rates of all
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processes leading to deactivation of the excited state
responsible for the reaction. The same is true for
all other processes. Therefore an expression for the
quantum yield for any particular process can be written

without going through the above kinetics:

Xe
' b =

(1.8) f (E_ + K. + K +K _ ]

r ic isc " f

K-
isc
IS L) $._ =
TacE KR R KlEC}

where ¢ ® are gquantum yields of fluorescence and

i isc

intersystem crossing respectively.

For a reaction taking place in the triplet state,
the guantum yield is not only dependent upon the
relative rates of the process and other processes
leading to deactivation of the triplet state but also
on the efficiency with which the triplet state can be

populated ( o i Hence, the guantum vyield of

isc

phosphorescence {¢P} is given by:

N K
i
KP+ i
where K K: are rate constants for phosphorescence

P’ 15C
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and intersystem crossing {Trﬂgmm*}ﬁﬂ} respectively:

However, since

b et e !

the guantum yield of phosphorescence becomes

[(1.12) ¢ =8 g

where & are the gquantum efficiencies of

8
JigiC R
intersystem crossing and phosphorescence respectively.
Quantum efficiency is the ratio of the rate of a
process involwving an excited state to the rate of

production of that state, hence it is distinct from

guantum yield.
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CHAPTER 2

DYE SENSITISED PHOTO-OXIDATIVE DESELENATION OF

PHOSPHINE SELENIDES
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2. INTRODUCTION

The oxidation of organic and biological
substrates in the presence of oxygen, light and a
photosensitising dye was Originallyl believed to
involve an activated substrate and not an activated
form of oxygen. However, it is now generally accepted
that an excited state of molecular oxygen (10 ) is

2
involved in many of these prt:rc:esses.z"5

The apparent desire to study the behaviour of
singlet oxygen has prompted much interest in its
production and reaction mechanisms. In general
singlet oxXygen can be produced upon irradiation of
highly coloured dyes such as Methylene blue and Rose
Bengal, in the presence of molecular oxygen. These
reactions are referred to as photosensitised and can be
visualised as occurring by the following sequence of

Processes.
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Scheme 2.1
SD + hw —> Sl {Light absorption)
51 - hy —— SD (Flucrescence)
S . S (Internal conversion)
1 > 0
T o]
d (Intersystem crossing)
B4 yeici
3. 1
5. + +
1L 02 ek Tl ' DZ
3 1 (Energy transfer)
T ;

1"'02___} SD+ 02

where 50'51 and Tl are the singlet ground state, lowest

singlet excited state and the lowest triplet excited

state, respectively, of the sensitiser or dye, and 3G2
and 102 are the ground and excited state, respectively,
of melecular oxygen. This reaction scheme suggests

that both singlet and triplet excited states of the
sensitiser can transfer their energy to molecular

oxygen. Indeed, oxXygen has been known teo reduce the

6

fluorescence of many organic molecules thereby

generating singlet oxygen.

The mechanism of fluorescence, believed tc involve
the transient formation of a collision complex between

the organic molecule and oxygen ngﬂé'}, predominates
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when the collision complex has lower energy than the
excited singlet of the sensitiser. The triplet state
configuration of the molecular oxygen imparts to the

whole complex a triplet multiplicity.

The excitation of one of the complex counterparts

leads to several energy levels of excited states of the

complex [fig.E.l)%l

Sensitiser states complex [5+02} states molecular
3 3 oxygen
e : {Sl+ z;] states
T — e —— — 1,3;5 3 —
2 {T2+ zg}
1'3{S++ﬁ£}
3 ! )
{Tl+ ag
Ty ———— 1,3/5p 4352
1 LT
[SU+ L) o i
g
(5 +08) - R
0 .
. 3 N L3 .-
SU [50+ R Eg

Fig.2.l; A diagram of the enerqy levels in the
photosensitised generation of singlet oxygen.

From the point of view of singlet oxygen generation,

the dissociation of the collision complex to Lot lﬂz

is definitely the most significant process.
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Alternatively, a collision complex having higher
may dsso ke via

energy than (S5,) state _enhanced intersystem crossing

1 ™

fellowed by rapid vibrational relaxation to populate
the lowest wvibrational level (v=0)of the first triplet

state (T The excess wvibraticnal energy associated

1}.
with this process can then be transferred to molecular

oXygen to give singlet oxygen species, assuming the energy

is greater or egual to the energy required to produce 102
1 1

({ ﬁg] from molecular oxygen (i.e. 7880cm or 94.5EKEJ
mol"l].

In general, the deactivation of the singlet excited
state of the sensitiser to generate Tl + 102, as well as

its direct guenching to {ED] state are accompanied by
small Franck-Condon factors hence these processes would be

expected to be comparatively insignificant.

7-10

However, recently several authors have reported

that the production of singlet oxygen, as a result of the
guenching of the excited singlet states of aromatic

hydrocarbons with wvibrational energies in excess of

?Eﬁﬂcm-l, is an efficient and widespread phenomenen with

guantum yields greater than unity. For example, rLﬂ::rerjntﬁF‘FEJL

b

( $ -~ 1.46), rubrene (SR S l,z-benzanthracen97q¢ ~

1.4), chrysene'® ( ¢ -~ 1.2), pyrene® ( ¢ =~ 1.45) and

10

B,lﬂ—dicyanuanthracene9 (¢~ 2.0). Alsc kinetic analysis of the
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self-sensitised photoperoxidation of anthracenes and
other aromatic compounds has revealed the direct
generation of singlet oxygen [l&g} (with quantum yield
efficiency of approximately unity) and the lowest
excited triplet state by the oxygen gquenching of the

lowest excited singlet anthracenes or other aromatic

compounds.

Although the lowest singlet excited states of
organic molecules have higher energy than the lowest
triplet excited states, the latter have generally
longer lifetimes. This therefore, suggests that most
of the photooxidation reactions observed for organic
molecules presumably proceed via the triplet state.

For instance the triplet state (T,) of benzophenone is

1
readily guenched by molecular oxygen, rather than the
excited singlet state (S;), to sensitise the formation
of singlet oxygenlE. The mechanism of sensitisation
involves the formation of a collision complex of
triplet sensitiser with ground state oxygen that can be
formed with singlet, triplet and guintet
multiplicityll{fig.E.l]. Since only the singlet
complex can yield lﬂz directly, it follows +that the
spin statistical factor for direct singlet formation is
apsplate . alsdel - which is in full agreement with the

experimentally observed rate constants for triplet

quenching.
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Alternatively the triplet - multiplicity complex
may also dissociate to the ground state sensitiser and
OXygen, via enhanced intersystem crossing. Although
statistically favoured (1/3) it has a much smaller
Franck-Condon factor and is therefore comparatively

insignificant.

The fact that singlet oxygen generation is the
major mechanism by which oxygen quenches triplet state
molecules has been shown experimentally by direct
detection of singlet oxygen emission, in energy transfer
studies in the gas phase. Thus, Snelling12 cbserved
1

ﬂz which he assigned to the

guenching of the benzene triplet state by oxygen; in

a 1.27uym emission of

addition the EPR studies showed that the guantum yield

of conversion of the sensitiser triplet state to lﬂ2

was close to unity.u’l4

Kinetics of guenching and Product {ADE} Formation in

dye sensitised oxidation reactions.

The Kinetic Scheme for a dye-sensitised
photooxidation of a 102 acceptor (A) in the presence of
another lﬂ acceptor (B), e.g. B-Ea@rotene, can be

2

represented as follows:
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Scheme 2.2
K
3p + 302 0 Sy 1T s lﬁz (energy transfer
reaction)
A+ o i \ ingl
5 » RO, {51qg et oxygen
oxidation)
1 Kz
Tty 02 SR 02 (deactivation of
singlet oxygen)
i K3
B + DE > B02 and/or B + ﬂ2
1 Ba S
2 U 2
3 e
D+ B } D+ B
K
*p 8 5]

where D is a dye sensitiser (e.g. Methylene blue or
Rose Bengal). The expression describing the gquantum

yield of product {AOE} formation is given by eguation:

¢pKol0,] K, [A]

(
{Kﬁ[ﬂz] + K [B] + K4] Kl[A]+K2[A1+K3[B]+K4

¢ =
ADZ

where b is the guantum yield of triplet dye-sensitiser

{aD] formation. Rewriting equation 2.1 as its

reciprocal and rearranging gives equation 2.2:

)
K5[B]+K6 K, KE[B]+K

Y (1+—1
KD[021 Kl Kl[h]

(14 4

Al Fant
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where K is a proportionality constant relating the
guantum yield of product and [hﬂi],the amount of HDZ
formed in a given time. AN ploERat [hﬂzl_l vs. [A]“l

gives:

——K5[E]+K61 {1+E§;
K_.10,] K
0l0s 1

=)

Intercept = K¢T (1+

1

K5[B}+K6HK3EB]+K4

{1+
Kol0,] Ky

Slope = K¢5 )

The ratio of slope/intercept is the g-apparent Valuelﬁ,

and gives several different kinetic expressions that

allow the

Py ) L EK3[B]+K4}
{Kl+K2}

convenient determination of {Kl
(A) removes 102 from the system, under several

conditions i.e. either in the absence or presence of

+ Kz}. rate at which

1G2 acceptor (B). In the absence of g-cqrotene (where

K3 = 0) the slope/intercept ratio is given by:
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For a known K, value in a given solvent, the sum of (Ky

+ KEJ can be calculated. However, the rate constant
for product formation EKlj is usually determined by
competition studies against a well-defined 102

acceptor such as 2-methyl-2-pentene (MP):

1 51
a + ‘o,—=9 no,

il e S
MP + 02——> MP:J2

Thus, the ratio Kile, where Ki is known, gives the

Ki [MPO, ] [A]
Tk [RG, 1[MP]

1L

value of K., (rate constant for product formation, A0

l 2}!

Generation of singlet oxygen by thermal reactions

Alternatively singlet oxygenl?'ls can also be
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generated effectively and efficiently in goeod yields by
the thermal decomposition of +triaryl-phosphite-czone
adducts, which are produced by the reaction between a

triarylphosphite and ozone at -78°C e.d.

Scheme 2.3
P CH,C1, 1
(C_H.O).P —DHC P D—-+—H D}P=D+CI
JEFSEE e R e o Z

These ozonide adducts serve as a convenient thermal
source for singlet oxygen and hence a large number of
these adducts have been prepared. Among them, two
bicyclic phospites have been reported to form ozonides

possessing remarkable stability:

Fig.2.2

8] (5] ==

T
P
_— \\G

(A) (B)
Thus 4-ethyl-2,6,7-trioxa-l-phosphabicyclo [saiosa]
octane (R) produced singlet oXygen readily at

1L]

temperatures aboye A, Similarly, the addition of

czone to 1l-phospha-2,8,9-trioxa-adamantane (B) yields
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an adduct that is 1.4 times more stable than structure
(3) at -5°C and still decomposes: quantitatively to

singlet oxygen.zﬂ

Thermeolysis of polycyclic aromatic transannular
peroxides can also provide an excellent source of
singlet oxygen e.g. the endoperoxide of
9,lD-diphenylanthracenezlis stable between 0 to 5°C but
it dissociates at an appreciable rate at 80°C to

produce singlet oxygen.

Scheme 2.4

Ph

In addition  the 9,10-endoperoxide has been
initially formed by the addition of singlet oxygen,
generated by self-sensitisation of the parent

hydrocarbon, across the meso-positions of the aromatic

Lang. These thermolysis reactions have been
22,23 ; : :

proposed as occurring via two path ways: (i)l a

concerted mechanism in which 102 is formed

quantitatively, and f(ii)a diradical mechanism in which

3 1

koth 02 and GE are generated.
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Scheme 2.5

Oxsede—

Falath 4
Dlradlcalg —}02

intermediate

The evidence in support of the diradical intermediate
has been provided by the observation of a magnetic

field effect on these reactions.

Considering the above mechanism scheme 2.5, a
variable external magnetic field may affect the
relative ratio of the competitive reaction paths (i)
and (ii}. Indeed, a decrease in the yield of lD2 has
been reported for 9,10-diphenylanthracene percxidezl
with a wvariation of the field strength in the range
9,000 to 15,000G , thus indicating a diradical
mechanism for the thermolysis process. Conversely, no
magneticfield effect on the lDE yield for thermolysis of
l,4-dimethyl-1,4 ©peroxide-9,10-diphenylanthracene has
been cbhserved since decomposition proceeds

predominately via a concerted process.

The 9,10-diphenylanthracene peroxide and

endoperoxides of other aromatics, rubrene,zl
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alkylnaphthalenes,24 a copolymer 9,10-41,

25 26

p-styrylanthracene-styrene, 2,5-diphenylfuran, may

take precedence over other methods of singlet oxygen

generation since the undesired side - photoreactions
that are normally associated with dye
photosensitisations can be avoeoided. Furthermore there

is no need to work at low temperatures as in the case

of the thermolysis of triarylphosphite ozonides.

The decomposition of hydrogen peroxide {Hzozj,in

the presence of hypochlorites (e.g. NaCl0) has also

been reported,g?'32 o yield singlet oxXygen
successfully. For example the 1G2 generated, in
guantitative yvields, in these reactions has been

shown to be effective in the preparative peroxidation

of alkenes.28

29,31

Detailed kinetic studies, of the reaction HZDE

- HOC1, accompanied with radiocactive labelling of the

oXygen atoms in the HEDZ' have shown that in these

hypochlorite-hydrogen peroxide systems the singlet

oxygen originates from the H Dz and not from the Cl0~

2
30
or HEO'



e

Scheme 2.6

H.®, + OCl—) HOC1 + He,

252

He, + HOCl—— HeeCl + COH

2
HeeCl + OH —p Ho G E Clee

Clee —_—3 112 T T

® indicates ‘%0 Labelling

A variation in the hypochlorite-hydrogen peroxide

33

system, bromine-H.0O in alkaline solution, has

2iacd
provided a convenient peroxidaticn method for
9,10-disubstituted anthracenes to their corresponding

endoperoxides.

Many other physical and chemical processes over
the years have been reported to generate singlet
oxygen. Thefe are obvicusly far too many to be
mentioned and discussed individually in this section.
However, an extensive summary of these numerous
miscellanecus methods has been compiled, in tabular

form, by Frimer.343



I

2.2 Results and Discussion

The oxidation of triphenylphosphine selenide has
been investigated previously by Tamagaki and
Akatsuka- 4P and reported to proceed in high yields
(i.e. 92%) wvia the tentative involvement of singlet
oxygen, dgenerated by irradiation of Rose Bengal dye in
chloroform: methanol (1:1 v, Similarly,
photooxidation of triphenylphosphine sulphide and other
trisubstituted phosphine sulphides has been attempted

340_ However, no oxidation products were observed in
these reactions. These observations suggest that the

P=Se bond is more reactive towards singlet oxygen

than its analeogous P=S moiety.

In order to verify the involvement of singlet
oXygen, as proposed in the oxidation reaction of

34b the remainder of +this

triphenylphosphine selenide,
chapter is concerned with the formation and ability of
singlet oxygen to initiate oxidative deselenation
reactions in a series of phosphine selenides.

Furthermore the mechanisms involved in these

oxygenationsare also discussed.

The photochemical oxidative deselenation of

phosphine selenides has been achieved by irradiating a
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mixture of phosphine selenide and a highly coloured dye
(S alEre Rose Bengal, meso-tetraphenylporphyrin or
Methylene blue in either chloroform or

chloroform:methanol LT I L in the pressnce of

oxygen. The results obtained are illustrated in table
2el:
Table 2.1 Product yields (%) for dye sensitised reactions of phosphine

selenides (1-5).

Dyea (#) oxidation of phosphine se]enidEEh
PhaP‘Se PHEPSE{UE t) PhPSe(DE ‘t}z[Et U}EPSE I[M'E'D}EF'SE
(1) (2) (3) (4) (5)
Rose Bengalﬂ a7 23 6 1 0
Hesoutetraphenylporphyrind 75 4 2 <1 1
Methylene I:n'Iued a0 9 3 <1 2
Methylene blue® 69 - - - -

Mesu-tetraphenylpnrphyrfnc BE = - - =

a, Dye conc. E.Dxlﬂ_ﬂm.

b, Phosphine selenide (1-5) conc. S,U:IG'EH, irradiated under oxygen for 5 hours

through 2% Kztrzﬂ? solution with daylight fluorescent lamps.

¢, Chloroform:methanol (1:1 w/v),

d, Chloroform.

The table shows that phosphine selenide (1) is by
far the most reactive selenide in its reaction with
singlet oxygen, as inferred from the percentage product
yields, in comparison to phosphine selenides (2-5)

which showed relatively lower yields of oxidation. In
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addition it appears that Rose Bengal is a more

efficient producer of singlet oxygen under these

conditions than either Methylene blue or
meso-tetraphenylporphyrin. This is reflected in the
percentage product yields obtained. Furthermore, it

can be seen that the difference between the oxidative
deselenation yields observed for the phosphine selenide
(1) with Methylene blue and meso-tetraphenylporphyrin
is negligible, although slightly higher deselenation

occurred in the mixed solvent system.

These results on their own are not sufficient to
suggest  that the observed oxidative deselenation
reacticns inveolve singlet oxygen. Hence in order to
provide positive evidence in favour of singlet oxygen,
as the initial active intermediate responsible for the
observed deselenations, typical efficient quenchers of
singlet oxygen were employed in these studies.

25l diazablicyclo [2,2,2] octanse= and

g —Carotene,
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
are well known gquenchers of singlet oxygen at
concentrations that are sufficiently low to ensure that

competitive quenching of the dye's excited triplet {Tll

does not occur.

It is assumed that over the concentration range of
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Table 2.2

Product yields for the dye sensitised photooxidation of Triphenylphosphine selenide

a
Ph_PSe)—
(Ph,Pse)
Oye_ Solvent system  Quencher Lajb Conc. of O in 4 Fh3P =0
2 %10 Min irradiated
irradiated solution
solution
Rose Bengal CHC1 , :MeOH DABCO SRR 37
(1:1 viv) OABCO 2 X lﬂ_E 27
= = 98
Trolox 2 x 10"3 75
Trolox 105 105 39
= - a8
-4
g -carotena 3.3 x 10 a8
g -rarotens (R 10
2 - 49
Meso-tetraphenyl- CHC13:HEUH DABCO 5.4 x IC:IJl ia
orphyrin -
PATRAY (1:1 v/v) g-carotene 7.5 = 10 2 if
(TPP) . - 69
-2
EH‘E]3 DABCO 2 x 10 10
p-carotene 3.3 x 10-4 9
5 " 77
Methylene blue EHE13:MEBH DAECO hel 10-3 41
Mb -4
{#5) (1:1 v/v) g-carotene 1.0 x 10 34
s = £l
CHC1, DABCO 2 x 107 13
B-carotene R i 21
& o 75

a, Ph_PSe 3 x IG_EH in irradiated solution, dirradiation under oxygen for 5 hours
through 2% K_Cr_0. solution.
b, quenchers were added to the solutions prior to irradiation to provide saturated
solutions throughout the photolysis.
c, DABCO =1,4-djazabicyclo [2,2,2] octane.

Trolox =6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid.
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these gquenchers the triplet states of the three dyes
Woecg not guenched. The results for these oxidative
deselenation reactions, in the presence of guenchers

are illustrated in table 2.2

The table shows that Rose Bengal, Methylene blue
and mesco-tetraphenylporphyrin sensitised oxidations of
the triphenylphosphine selenide (1) are lowered by the
addition of singlet oxygen guenchers in
chloroform:methanel (1l:1 wvw/v) and chloroform solwvent
system. In the particular case of Rose Bengal dye,
the triphenylphosphine selenide (i) was almost
completely oxidised {98%) to its corresponding
phosphine oxide in the absence of any gquenchers.
However, 1in the presence of guenchers, B-carotene
ilxlDHBM], 1,4-Aiazabicyclo [2,2,2] octane (5 x lG_EM}
and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
aca (I lD_EMJ the yields of the triphenylphosphine
oxide wece reduced to 10, 37 and 39% respectively.
Alsc for the case of meso-tetraphenylporphyrin dye in
chlorcform, 77% phosphine oxide was formed in the
absence of any gquenchers. On addition of g-carotene
(3.3 x 10°%M) and 1,4-diazabicyclo [2,2,2] octane (2 x
IUAEM]' 9 and 10% vyields of triphenylphosphine oxide
were observed. Furthermore for the Methylene blue dye

in chloroform, in the absence of any quenchers, 75%



Juenchers

100 1_ Time {mins.) ~FR-carotene ODABLO Blank
an [ 4 12
a0 11 7 25 B1ank
120 19 11 40
a0 - 160 24 16 53
200 30 21 65
240 36 26 79
280 41 29 94
% P=0 60—t 300 42 32 98
Formed
il B -carotene
20—
| 1 | |

ab 80 12{9 11§|n 2do 240 280 300

Time (mins.)

Fig.2.3: Ph,PSe + Rose Bengal -  (-carotene (3.3 x IG'ﬂH] and DABCO (2 x IU_EM}
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P=0
Formed

Quenchers

1004— Time (mins.) A-carotene DABCO MNone

an 6 7 g
80 g T2l NG
120 16 18 W22
80+ 160 18 23 29
200 23 0. %38
240 30 T LA
280 34 40 51
60—+ 300 34 410 Wis5q

40~

20 -

g-carotene

] L
*

i I
40 80 120 160 200 240 280 300

-
.

Time (mins.)

4 + - =
Fig.2.4: Ph_PSe + Methylene blue, CHC1_: MeDH, - pgcarotene {1 x 10 dH} and DABCO (1.3 = 10 3M}
ad [



100~ Time (mins.) B-carotene DABCO NONE

Quenchers

40 4 [ 13
80 4 i 26
120 4 7 38
80+ 160 5 7 a8
200 f a 63 Blank L
240 8 10 74
280 B 10 76
B0~ 300 g 10 71
% P=0
L ]
Formed
40—
a0-r DABCO
E - = —
il il
- = a B-carotene
,.-""'_.d—ﬂ-""’{:_?_ 1 1 1 # lI %
1] 1 1 1]
{ a0 120 160 200 280 300

Fig.2.5: Ph.P5e + meso-tetraphenylporphyrin, CHCI_, * B-carotene (3.3 x

Time (mins.)

10~*) and DABCO (2 x 107%M)




Juenchers

Y07 Tixe (mins.) B=carotehe) DABCOL HONE
40 8 S5
80 14 8 28
a0.L 120 14 10 44
160 16 10 58
200 17.5 1000 71
240 18 1108 72 Blank
280 19 e
o0+ 200 21 13 75
% P=0
Farmed
40+
B-carotene
20+ = o —F
= S oasco
! { f { | i
b g0 120 160 200 240 280 300

Time (mins.)

+

Fig.2.6: Ph_PSe + Methylene blue, CHC1_, - B-carotene (2 x IG_QH] and DABCO (2 x lﬂ_EHJ

_Eg_



S

phosphine oxide was observed, However, on addition of
f-carotene (2 x lﬂ-4M} and 1,4-diazabicyclo [2,2,2]

octane (2 x 1D_3

M) the yield§ of phosphine oxide werg
reduced to 21 and 13% respectively. It has also been
observed that the percentage yields of the phosphine
oxXxide ‘ore dependent on the concentration of the
guencher employed, with B8 -carotene being the most

effective singlet oxygen guencher over the

concentrations used in these experiments.

These observations suggest that the reactive
intermediate species, responsible for the oxidative
deselenation reactions of the triphenylphosphine
selenide, is most likely to be the singlet oxygen.
Furthermore, readings at regular intervals were taken
from +these guenching experiments and represented
graphically, as shown in figs.2.3-2.6. These straight
line plots are typical of reactions in which singlet
oxygen species 1is involved. Thus circumstantial
evidence in favour of singlet oxygen arises from these
studies. Furthermore, positive evidence for the
involvement of singlet oxygen has been provided by
determining +the kinetic solvent isotope effects on

these reactions.

In recent years it has been reported that the life
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time of singlet oxygen in deuterated solvents is
greater than in the corresponding non—dqulerateda?'aa

solvents.

This could be understocd by considering the
interactions between the solvent molecules and singlet
oXygen. Most probably singlet oxygen doesn't lose its
acquired excitation energy to the deuterated molecules
as effectively as iz does to molecules of
non-deuterated solvents. Hence as a result singlet
oxygen exists in deuterated sclvents for a longer time
period and can therefore participate in bimolecular
reacticns more effectively. This implies that if the
photooxidation reaction involves singlet oxygen a
change from non-deuterated to a deuterated solvent
would be expected to cause an increase in the rate of
photooxidation of the reaction. This increase in rate
is referred to as the kinetic sclvent isotope effect
(51IE}. The SIE of triphenylphosphine selenide, with
Methylene blue and meso-tetraphenylporphyrin in

chloroform - hl' and chloroform - d has been measured

1.
(figs.2.7 and 2.8). As expected the rate of
deselenation in deuterated chleoroform is much faster
than in non-deuterated chloroform. Both figs.2.7 and
2.8 show a linear relationship to photooxidation,

characteristic of singlet oxygen involvement. The

fo.bieg 0of the slopes, obtained from these graphical



% P=0 formed
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100 — 3 3 Ch]qrofnrmudl k E
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Fig.2.7: Methylene blue sensitised photooxygenation of triphenylphosphine selenide in chlurnfurm-dl and chloroform-h.
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Fig.2.8: Meso-tetraphenylporphyrin sensitised photooxygenation of triphenylphosphine selenide in ch]nrnfarm-dl and chloroform-h
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representations, are referred to as the SIE and are

given iIn table 2.3.

Table 2.3 Kinetic solvent isotope effect (SIE) for triphenylphosphine selenide
with Methylene blue (Mb) and meso-tetraphenylporphyrin (TPP) in

ch!urnfurm—hl and ch]nraformndl.

Phosphine selenide agnsitis?ﬁsa
b
PhSFSe 1.65 Z2.60
i L 10”4,
b, 3.0 x 107 M.

The present observations that the dye sensitised
oxidations of triphenylphosphine selenide ora
significantly inhibited by the addition of typical
singlet oxygen quenchers, under conditions where these
gquenchers are not inhibiting singlet oxygen formation,

substantiates this claim.

Further support for this claim can be provided by
the kinetic solvent isotope results. Hence it is now
guite clear that the initial attack on the
triphenylphosphine selenide occurs by the singlet
oxXydgen. The result of this interaction presumably
produces a reactive, "short-lived" intermediate species

which then reacts further with another molecule of
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triphenylphosphine selenide to produce the
triphenylphosphine oxide. However, in order to
establish the structure of this intermediate species it
is necessary to refer to the literature for analogous
photosensitised oxidation reactions, in particular the

reactions of dialkylsulphides.

The photooxidations of dialkylsulphides have been
well studied and documented in the literature.
However, the first photooxidation studies of these
dialkylsulphides40 were reported in 1962. The
dialkylsulphides underwent oxygenation in high guantum
yields in protic solvents, to produce the corresponding

sulphoxides, which in turn reacted slowly producing the

corresponding sulphones.

It was proposed that the oxygen first reacts with
the sulphide to produce a highly reactive persulphoxide
intermediate, which reacts at the diffusicnal rate with

another molecule of the sulphide to produce stable

sulphoxide.Ql This is shown below:

Scheme 2.7 1
R R g R
“;5 + o._hvDye [ SO UAEIR ; R/s—o
R solution Rl
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The molecular oxygen was suggested to be in the excited

42 43,44

singlet state, as originally proposed by Kautsky

and later by FootedE and Wexler.

45-49 ja.ve studied the dye

Foote and co-workers
sensitised oxidation reactions of many dialkylsulphides
ing erder’ to proposesia  structuxre wfor i thef sunstable
oxidising species, formed initially in the reactions
between dialkylsulphides and singlet oxygen. For the
case of diethylsulphide it was suggested +that the
sulphide was oxidised by singlet oxygen to generate an
unstable intermediate. This intermediate would then

cxidise another diethylsulphide molecule (scheme 2.3)46

to produce the diethylsulphoxide.

Scheme 2.8
3
3 D2 lg EtES + - EtES
Dye ——» 2 K—}[EtES-G—-O]T} 2Et250
1 2
b4 L Ph,S
3
02 Et250+Ph250
47-49 . 3
The authors have wverified the existence of an

unstable reactive - intermediate by detailed reaction
kinetics and trapping of the intermediate. When a

mixture of diphenylsulphide and diethylsulphide was
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irradiated, in the presence of Rose Bengal in methanol,
both corresponding sulphoxide products were found in
comparable vyields E1:2.5}.49 If scheme 2.8 is
operative, a steady state kinetic equation (equation
2.8) may be derived for +the trapping ©of the
intermediate with diethylsulphide. The reported
results showed that diethylsulphide was only four times
more reactive towards the intermediate than

50

diphenylsulphide, although it is 290 times more

reactive than diphenylsulphide towards singlet oxygen.

[Et.50] 2SR s
2 E: 2 2 -
[thso] K3 [thsl

K,/Ky = 4

In order to clarify the details of the reaction
mechanism much attention has been focused on the
guestion of what the true structure of the intermediate

48,49

might be. Although Foote and Peters have

tentatively assigned a zwitterionic ‘"persulphoxide"

structure (), as the intermediate in the

photooxidation of dialkylsulphides, SchenckEl and

co-workers suggested a biradical structure (B), while
52

Cauzzo and co-workers suggested a dioxathiirane
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structure (C).

Fig.2.9

Rﬁ—:}—t} R,8— 0 — 0 st\\l]

(a) (B) (c)

On the other hand, in the reaction of alkoxysulphuranes
with hydrogen peroxide, both persulphoxide (A) and

39 53 b
f In brief

dioxathiirane (C) have been proposed.
the true nature of the intermediate (A}, (B) or (C) has
yet to ke decided, although the zwitterionic

persulphoxide (A) is considered thus far to be the most

likely candidate for the oxidising intermediate.

The conclusions reached from these dye sensitised
oxidiation reactions of dialkylsulphides can now be
applied directly to the dye sensitised photooxidative
deselenation reactions of triphenyvlphosphine selenide.
Hence the following tentative mechanism for these

deselenation reactions is proposed:
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Scheme 2.9
(1) 9] Fo
Ph,p=se+l0_ ~——3% [Ph.bse” N\ seiprh. =il pp ,*.D'Se/.o\?
3 2 3 D_J 3 3 ﬁ
EE—PPh3
(A) (B)
0-0 cleavage #,D 2Ph.P=0+2Se

S
> zph3$séo > EPh3P‘HJe—} 3

(C) (D)

114 = can be seen that the addition of
triphenylphosphine selenide to singlet oxygen (reaction
(i)) to produce the peroxidic intermediate (&), is
analogous to that proposed for the singlet oxygenation
of dialkylsulphides. This intermediate then acts as a
nucleophile (reaction (ii})) and attacks a second
molecule of triphenylphosphine selenide +to produce
intermediate (B) which rapidly undergoes 0-0 bond
cleavage to generate species (C) and/or (D). Species
(D) is an extremely strained structure and rapidly
undergoes eliminaticon to generate the
triphenylphosphine oxide and elemental selenium which
is observed to be precipitated at the end of each
reaction. Although structures (C) and (D) are shown
to exist in resonance with each other there is no

evidence to suggest this is so.
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2.3 Summary

The oxidative deselenation reactions of
. EﬁphenHLphosphinE selenide (1) and phosphine selenides (2-5)
most probably proceed wia the intermediacy of singlet
oxygen. Evidence in favour of this mechanism has been
provided by the quenching studies, which clearly show
this to be the case,. Further support for the
involvement of singlet oxygen has been given by the
kinetic solvent isctope effect, which has been

37,38 In addition the

described as a diagnostic test.
structure of the intermediate, which is produced as a
result of the action of singlet oxygen on the
triphenylphosphine selenide (1), has been tentatively
proposed to be a zwitterionic species and not a cyclic

or biradical species. These intermediate species arce

discussed in detail in chapter 3.
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CHAPTER 3

OXIDATION OF PHOSPHINE SELENIDES AND SULPHIDES BY

SPECIES GENERATED EY PHOTOOXIDATION OF SULPHIDES AND

DIAZOCOMPOUNDS




— 70~

F.1 INTRODUCTION

Currently there i1s much interest in reactive
transient intermediate species, generated by dye
sensitised photochemical oxidation reactions of both

=] 4-6

dialkylsulphides (persulphoxides) and diazoalkanes

(carbonyl oxides). Although these intermediates are
used as oxygen transfer reagrents,?_13 the mechanisms of
their oxidation reactions are somewhat uncertain. The
precise nature of these intermediates is as vyet
unclear, although several probable structures have been
postulated. In order to explain the mechanisms
involved in the photooxidative deselenation and
desulphurisation reactions described in this chapter a

survey of the chemistry of persulphoxides and carbonyl

oxide intermediates is giwven.

This chapter describes how these highly reactive
intermediates have been successfully employed as rich
sources of oxygen for the oxidation reactions of a

series of phosphine selenides and phosphine sulphides.
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This has been achieved by co-photooxidation of a
particular phosphine selenide or phosphine sulphide
with a suitable dialkylsulphide, namely
di-n-hexylsulphide with Rose Bengal dye in
chloroform:methanol (1:1 wv/v), or diphenyldiazomethane

with Rose Bengal dye in chloroform:methanol (1:1 v/v).

3.1a Persulphoxide intermediates

These intermediate species have not only been
generated in situ by dye sensitised photooxidation of
dialkylsulphides but also, recently, by the action of

hydrogen peroxide on a1}1:r:::ﬂ:y51::11:::1'11L:u:a1'1el"'1 type compounds.

Scheme 3.1
R__ hv'>/Rose Bengal/0, R\§ B
5 > — () — {7
Rf Me OH Rf
R =
R ORT NP OOH R R /0
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It has been suggestedl6 that the singlet oxygen
generated in dye sensitised photooxidation reactions
behaves as an electrophile. Evidence for this
electrophilic character has been provided by comparing
the experimental rate constant results, measured for
the reaction of singlet oxygen with a wvariety of
dialkylsulphides in chlorcform solution. 2dditional
support, regarding the electrophilic nature of the

singlet oxygen, has been provided by further rate

::u:ms.i:am::l‘-‘Ir studies in methaneol solution (table 3.1}.

Table 3.1 Rate constants for selected reactions of disulphides with singlet
uxrgen
Sulphide Knﬂ'ls'l] X 1n+? Relative rate
Et,S 1.71%:€ 1.00
Phs ~0.01% 0.006
tauzs 0.013° 0.0076
PhSMe 0.20% 0.12
p-HeX H,sie 0.53° 0.31
p-C1C H, St 0.0825° 0.048

: 16
a, hv/Rose Benga1f02 in methanol’,

b, Rubrene peroxide in chlurnfurm{?

c, hu/Methylene I:n'l'ue.fl:l2 in methanull.E

It can be observed from table 3.1 that the rate

constant for diethylsulphide is 1.71x 10'M~1s™! whilst
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for the di-kert—butylsulphide and diphenylsulphide it is

drastically reduced, to 0.013 x lﬂ?M_lﬁ'l

10 iMT LRt respectively. This clearly shows that the

[

and ~0.01 X

reaction rate is significantly sensitive to steric
effects. In addition it can be seen that the rate
constant for methyl-(p-methoxyphenyl) sulphide has
increased by 2.5 times, as compared with the parent
compound methylphenylsulphide while it is decreased by

2.5 times for methyl-(p-chlorophenyl) sulphide.

This cbservation can be attributed to the
electronic effects of the para-substituents of the
benzene ring. The para-methoxy group further
activates the reactive sulphur atom by donating its
lone pairs of electrons, while the para-chloroc group
has the effect of deactivating the existing "reactive"
sulphur atom. The effect of the former action is to
increase the nucleophilicity of the sulphur atom
towards singlet oxygen while the latter effect leads to
a decrease in the nucleophilicity of the sulphur atom,
hence the observed reduction in the rate constant.
Furthermore, it was observed that the most suitable
dialkylsulphide i.e. sulphide with relative rate of
reaction of unity, is diethylsulphide. Hence it is
not surprising that this is the most widely used

sulphide for the production of persulphoxide
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intermediates.’ It is parficularlys s usefuls san

co-photooxidation reactions, where the second

dialkylsulphide or other compounds are usually less

reactive towards singlet oxXygen than is
diethylsulphide. However, in these co-photooxidation
reactions these less reactive compounds have been

oxidised readily by the persulphoxide intermediate, to

their corresponding oxides.

Currently, the photooxidation of diethylsulphide
1,3,18

has been studied in some depth to elucidate the

precise nature of the reactive intermediate species.

It was observed that using EtEE in methanol at room

temperature leads to a high yield of diethylsulphoxide

( Et,S0), while in dry benzene there was hardly any

1,3,18

reaction at all. It was also observed that the

formation of the EtESD is not only solvent dependent

but also dependent o1l the concentration of

diethylsulphide. As the concentration of the sulphide

-1

was decreased (10 to lﬂ_3M}, in protic and aprotic

solvents, the major product formed was the

4,18

diethylsulphone (Et 502]. This sulphone formation

2
was thought to occur as a result of direct
rearrangement of the persulphoxide intermediate.

However, in general when the formation of the

sulphoxide is high, traces of sulphone may also be
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formed wia the oxidation

the reaction.

of

Furthermore,

sulphoxide formed during

at low temperatures

E—?BDC}, where the persulphoxide intermediate is stable

regardless of the solvent

the major product of reaction.

are summarised in scheme 3.2

Scheme 3.2
Et“‘so
ol
Et 3P
(1)
(23]
(iii)
Bt Ahs 03 ftkg
S —0
Et-" Bt~

(i)

(ii)
W
Et%“‘“S
Bt
In conclusion, high
solvents fawvour the

sulphoxide

polarity, the sulphone was

Sale These observations

(-78°C)

MeCH or C_H

576
Low concentration ofEtES

(i) room temp. Et
]| >2_ Ss=0
(5 Et

(ii) MeOH
(iii) high concentration
of EtES
room temp.
Celg
+ D2
concentration and protic

formation whilst low
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concentration and aprotic solvent favour sulphone
formation. In scheme 3.2 above, the persulphoxide
intermediate 1is depicted by a zwitterionic species
although the exact nature of the intermediate is still
unclear. However, from a consideration of the
electronic effects in the competitive dye sensitised
oxidations of a variety of p-monosubstituted

15 with the persulphoxide intermediate

diphenylsulphides
of diethylsulphide, ThE concluded that  the
persulphoxide behaves essentially as an electrophilic
species in aprotic solwvents. Nevertheless, it is
guite reasonable to assume that protic solvents (e.g.
Methanol) may decrease the negative charge density on
the ocuter oxygen atom of the persulphoxide (by hydrogen

Spaeln el attack by a

bonding) thus promoting nuclecophilic
second sulphide to form two molécules of sulphoxide.
In addition, e can also be argued that the
intermediate can have both nucleophilic and
electrophilic characteristics (table 3.2) since the
anionic charge can lie on the terminal oxygen of the
intermediate. Indeed, it has been ccncluded,zl’22
from competitive trapping studies of the
diethylpersulphoxide intermediate by sulphides in both

pretic and aprotic solvents, that two intermediates (&)

and (B) exist.
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Structure (A) is that of a zwitterionic species
while structure (B) is a cyclic dioxathiirane species
as illustrated in «chapter 2, fig.2.9, This
zwitterionic persulphoxide species is presumed to react
as a nucleophile,24 while the dioxathiirane behaves as
an electrophile in their oxidation reactions. The
cyclic structure has alsoc been postulated previously,23
in the oxidation of sulphoxide by the persulphoxide
intermediate formed during the chrysene sensitised
photooxidation of di-n-butylsulphide {nBuzsl to
di-n-butylsulphoxide [nBuzso}. Furthermore, as

reported in chapter 2, a third biradical structure of

the intermediate has also been proposed.

Although it is clear that there are three equally
probable intermediates involved in these photooxidation
reactions, the importance of each structure is not
certain. However, it is generally accepted that the
most probable candidate is the zwitterionic

intermediate structure.
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Table 3.2 Electrophilic and nucleophilic reactions of persulphoxide species

with monosubstituted (A), disubstituted diphenylsulphides (B) and
disubstituted diphenylsulphoxide (C).

Intermediate Substrate Conditions F-values
AR B e 15
t‘*S—G—ﬂ (in MelH) A Sulphide/hw/RE/O
Etf’ 2 -0.61
room temp.
Me,ﬁg e, 27
-0-0 (inC_H C Sulphide/hw/TRR SO
s tnCeHe) FARIE Ef WIBRAD +0.252
20°¢C
Me,_ + - 27
*=5_-0-0 (C_H_:MedH C Sulphide/hw/TRR/O
e IR L EI LA -0.05
20°C
Met 6.5 (in c 0 )2 c Sulphoxide/hwTPP/0
:~1e7-} o g hid 2 +0.232
20°C
Phat . = 28
::S—G—O ﬁrrEHzclzj B Sulphurane-HEU2
PH . -0.43
-78°C

Where RB is Rose Bengal, TFP is

meso-tetraphenylporphyrin (metal free). Negative
f-values indicate electrophilicity whilst positive
fF-values indicate nucl%%hilicity, of the sulphoxide
intermediate. Also the latter intermediate may have

both sulphurane type and dioxathiirane type structures.
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Fig.3.1

3.1b Carbonyl oxide intermediates

These highly reactive transient species have been

generated in situ by dye sensitised photooxidations of

diazcalkaneszﬁ_28 and recently by dye sensitised

29

photooxygenations of sulphur and pyridinium ylids

({scheme 3.3).
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Scheme 3.3
R _ 102 By R Rt . SREE0
/r: = N,—= /c=5-5 PEN 7-—0—5(—} jC—G—DH \/"C\l N,
Ph Ph FPh Fh FPh O
R = PhCO,Ph = & :
8 ?/3 o i T
e 7 ‘““-éu,%—) j N/ +R\5/
i SRR XY
R 0
0
R = CO,CH,
Rl = cH

3 o -

O e J koo, | ©

Although the precise nature of the intermediates
is not yet clear several probable structures have been
proposed as shown in scheme 3.3. For example in the
ozonolysis studies of alkenes, which have been well

ﬂﬁﬂ-33

documente the carbonyl oxide has been proposed to

be a zwitterionic species. However, quite recently,
in the ozonolysis reactions of ethylene,13'34'35 a
cyclised carbonyl oxide species similar to that
initially proposed for persulphoxide was suggested as
being formed. Evidence for this cyeclic structure has

been provided by theoretical calculations. 36-38
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Furthermore, in the dye sensitised photooxidation of
naphthalene to give:xnaphthol,ﬁ the nature o¢f the

intermediate is essentially a diradical species.

These reactive intermediates act as a rich source

of oxygen not only to hydrocarbons, including alkenes

and naphthalene to give alcohols (or epoxides) andao

naphthel respectively, but also to sulphides and
sulphoxides yielding the corresponding

15,29,39-43

oxides. &4lso, ozonides can be produced by

the action of carbonyl oxide on ketones and
44-45 :
aldehvydes. In these reported reactions the
carbonyl oxide intermediate species may have both
nucleophilic and electrophilic characteristics. Ando

and co-workersls

studied the oxidation of p-substituted
di-phenylsulphoxide with carbonyl oxides, generated in
situ from phenylbenzoyl - and diphenyldiazomethanes in
benzene (table 3.3), and suggested that the behaviour
of the intermediates was largely electrophilic. In
addition, the electrophilic character of the carbonyl
oxide of phenylbenzoyldiazomethane was greater than for
that of the diphenyldiazomethane. The electrophilic
nature of these two carbonyl oxides can be explained by
proposing that the negative charge density on the

terminal oxygen atom of the carbonyl oxides is lowered

in protic solvents such as methanol, thus inducing
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electrophilic character into the intermediates while
reducing their nucleophilicity. This lowering of the
charge density is attributed to hydrogen bonding of the
alcohol proton with the terminal oxygen of the

intermediate as shown in structure (A) in fig.3.2.

Fiteitiissa
.O0H
B ot \:: 5l
T = ~ NS
= OMe
MeO =—H
(A) (B)

Another possibility is that methanol actually adds
to the intermediate to produce structure (B). This is
similar to the structures suggested by Martin and
Martin,?> For the second observation, it may be
concluded that the negative charge density on the
oxygen atom is further reduced by the =-carbonyl group

46 of the

thus increasing the electrophilicity
intermediate at the expense of its nucleophilicity.
This has been shown in scheme 3.4 to occur through the

formation of two intermediates (C) and (D).
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Scheme 3.4
eﬂ (4} o R
Phclj—‘-%Ph 1l Ph«‘[l—EPh . N
5—0 0—0 e Ph Lon
—=l I [
I 0 0
1SR, 1 (141} 0==ER,
s/ +
PhTHTPh ETSRE
s Ph CPh PhC— CPh
| ®I [l ]
D——0 T

R = monosubstituted phenyl

Evidence for the intermediates (C) and (D) has been
reported for the photosensitised oxygenation of
29

dimethyl-oxosulphonium-phenyl-phenacylid with

Methylene blue dye in methanol.

Scheme 3.5

¥
HEne O i/

Phcmg-—étmz ? Ph i{R}E ; Ph(|2
E 0 0
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PhC FPh
R = CH éél
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Furthermore, these types of intermediates were also

reported in the autcoxidation of enolate anionq? and
found to afford the cleavage product - the
corresponding carboxylic acid.

Table 3.3 Electrophilic and nucleophilic reactions of carbonyl oxide species

with monosubstituted diphenylsulphide (A} and disubstituted
diphenylsulphoxide (E).

Intermediate Substrate Conditions F-values.
Phﬁ
hY =
C=6—0 fin CEHE]IE A Diazo.compd. 0.32
Prf hv/TPP/0,, r.t. :

Hiy

+ = 15
C=0-0 (in EEHE) A Diazo.compd. 0.68
Ph hufTPPJUE L
B Diazo.cmpd. +0.76

thTPPHGE r.t.

3.2 Results and Discussions

The literature survey, presented as part of the
introduction, reveals that the persulphoxides and

carbonyl oxides transfer a single oxygen atom to
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compounds that are usually less reactive or show low
reactivity towards attack by singlet oxygen.
Subsequently as a result of these oxidations the
persulphoxide and carbonyl oxide species also generate

sulphoxides and ketones respectively.

The persulphoxide and carbonyl oxide intermediates
employed in the present studies, were generated in situ
by Rose Bengal (RB) sensitised photooxygenation of
di-n-hexylsulphide and diphenyldiazomethane in a
chloroform:methanol (1l v/v) solvent system
respectively (scheme 3.6). For details please refer

to experimental section.

Scheme 2.6

R hvw/BRB/0
‘HHS r:£m ie§4+ R\\§__.Q__.o
e B e

R R
1 1

R..____HC=N hvaEfDE‘ RH‘EH-—O-H-G

Rl,# 2 room temp? RP/

where R = CH3[CH2}5

rl = ph
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It is not unreasonable to presume that the types
cf intermediate species illustrated in scheme 3.6 are
responsible for the observed photooxygenations or
photooxidative deselenation and desulphurisation of the
organcphosphorus compounds (1-10). The deselenation
and desulphurisation reactions have been investigated
through trapping studies i.e. each organophosphorus
compound, in turn, was co-photooxidised with
di-n-hexylsulphide or diphenyldiazomethane in the

presence of Rose Bengal dye.

As the di-n-hexylpersulphoxide or diphenylcarbonyl
oxide intermediates were formed they reacted with the
phosphorus compound at the diffusional rate to produce
the ocbserved phosphine pxide. Subsequently
di-n-hexylsulphoxide and benzophencone were also
generated in the oxidation reactions respectively.
The results for these photooxygenations, with the
di-n-hexylpersulphoxide species, are 1llustrated in

table 3.4.
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Table 3.4 Photooxidation of phosphine selenides and phosphine sulphides with
di-n-hexylsulphide in the presence of Rose Bengal dye.

Compound % oxidised phosphorus % unchanged
campound phosphorus
compound
(1) PhSFSeh'E‘d 100 0
(2) Php(se)oet” 9 4
(3) PhPISE}{GEt}Eh’d 64 36
(4) {Et0]3PSeb’d 51 49
(5) (Me0)_pse’*d a1 59
(6) Ph.Ps s 22,37 78,639
(7) FhEP{S}UEtd’E 11,20 89,717
(8) PhP{S}[UEt]Zd’E 4el 96,947
(9) {EtD]EFSd’E 2, 3: 93,9?3
(10) {Meﬂjapsd’e L] ] 97,97

a, Rose Bengal 2 x 10'4H, di-n-hexylsulphide 1.0 x lﬂ"z

M, EHC13:HEDH (1:1 wivh
b, 30min irradiation period .

€, In the absence of sulphide, only 3% phosphine oxide obtained.

d, Organophosphorus compound 2.5 x 10'3M-

e, 60min irradiation peried .

£, di-n-hexylsulphide 5.0 x 10°°M .

g, % unchanged starting material from reaction with f .

In the control experiments, i.e. the dyesensitised
photooxidation of each organophosphorus compound
dissolved in chloroform:methanol (1:1 v/v)(2.5 X lG_EM}
in the absence of di-n-hexylsulphide, it was observed

that no appreciable photooxygenation occurred. In the
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case of the most reactive phosphorus compound, i.e.

triphenylphosphine selenide (), only 3% of the
corresponding phosphine oxide was formed. This
implies that the phosphorus compounds (1-10), under

these reaction conditions, do not react with singlet
oxygen to produce their corresponding phosphine oxides.
Hence ot may be concluded that the observed
photooxygenations of these phosphorus compounds in the
presence of persulphoxide are likely to involve a

different mechanism.

The phosphine selenides were observed to be more
reactive than the analogous phosphine sulphides.
Phosphine selenides (1) and {2) were completely
oxidised to their corresponding phosphine oxides, 100
and 96% yields respectively while phosphine selenides
{3-5) were oxidised to 64, 51 and 41% yields
respectively to their corresponding phosphoryl
analogues. These oxidation results reveal a
reactivity order amongst the phosphine selenides
{fig.3.3), i.e. phosphine selenide (1) is the most
reactive while phosphine selenide (4} is the least

reactive towards the persulphoxide species.

Ph3P5e>Ph2P{5e}DEt>PhP{Se]{DEt]2>{EtO}3PSe><{MeD}3PSe

Fig.3.3 Decreasing order of reactivity from left to

sghic,
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This order of reactivity can ke explained by
considering the delicate nature of the P=S5e¢ bond with
the electronic effects of the groups attached to the
phosphorus atom. The FP=5e bond can be represented as
shown 1in £fig.3.4. The structure (B} dis an ionic

species with the electron density around the selenium.

Fig.3.4

e By
;:P-—-Se — fﬂﬁ-—-Se

(B) (B)

However, the above reactivity trend can be most readily
explained by considering the behaviour of structure
(B). For the phosphine selenide (1) the three bulky
aromatic groups are arranged below the phosphorus atom

in a Eflcumfr¢imhf ~larray (Eigi.35 ).

1gh e fae ] Lt

@ Aromatic group (Ph-)

This spatial array of the phenyl groups arcund the
phosphorus atom stabilises the positive charge on the

phosphorus somewhat through delocalisation of the
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m — electron cloud. However, since the groups are
bulky the 6 n - electrons, of each ring, will repel each
other and reduce the delocalisation of the electrons
arcound the phosphorus atom. This effect leads to a
destabilisation of the poesitive charge on the
phosphorus, leaving it open to attack by incoming

nucleophiles.

Thus, the extent of stabilisation is presumed to
be the dominant factor for the observed reactivity of
these phosphine selenides. The phosphine selenide (2)
has one aromatic group replaced by an ethoxy group.
The oxygen atom on the ethoxy group has two lone pairs
of electrons which stabilise the positive charge on the
phosphorus even further, hence we would expect this
selenide (2) to be less reactive, towards nucleophiles,
than selenide (1). Phosphine selenide (4) has all the
aromatic groups replaced by ethoxy groups, a total of
six lone pairs of electrons arranged in a trigonal
bipyramidal array around the phosphorus. The
repulsion forces between the lone pairs of one ethoxy
group with another are negligible due to the size of
the ethoxy groups and the spatial arrangement of the
atoms. Hence this shielding effect renders the
phosphorus atom scmewhat unreactive towards

nucleophilic reagents. In addition the ethoxy groups
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can also withdraw electrons frnm the environment of the
P=Se bond thus exposing the phosphorus atom to attack.
However, this effect is generally regarded as
negligible. Furthermore, it can be qguantitatively
observed that as the number of ethoxy groups increases,
and the aromatics decrease, the phosphine selenides
will show less and less reactivity. Indeed this has
been observed in the photooxidations with both the
persulphoxide species and the carbonyl oxide
intermediate. From this observation it is reasonable
to conclude that both intermediate species have a high

probability of being nucleophilic in character.

The phosphine sulphides were found to be far less
reactive than their analogous phosphine selenides,
although a similar trend in the reactivity order was
observed. The phosphine sulphide (6) being the most
reactive whilst phosphine sulphide (9) is the least
reactive, towards persulphoxide intermediate. The
phosphine sulphide (6) showed approximately half the
reactivity (i.e. 22%) of the least reactive phosphine
selenide (4), while the phosphine sulphide (7) showed
approximately a quarter of the reactivity (i.e. 11%) of
the phosphine selenide (4). Furthermore the phosphine
sulphides (8-10) hardly showed any reaction with the

persulphoxide intermediate, iae, 4, 2 and 3%
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respectively. In addition it was noted that as the
concentration of the di-n-hexylsulphide was increased

2 2 : : ;
M an increase in the reaction

Erom 1 he ARt ol Bt
product yield for phosphines (6) and (7) was obtained
i.e. 37 and 39% respectively, while the other phosphine

sulphides were unaffected.

In all these photooxidations, in the presence of
persulphoxide intermediates, the di-n-hexylsulphide was
completely consumed during the reaction period and
di-n-hexylsulphoxide was found to be the major product,
with traces of di-n-hexylsulphone. The sulphone
formation was assumed to occur from the photooxidation of

the sulphoxide, already formed in the reaction.

The dye sensitised photooxygenation reactions of
phosphorus compounds (1-10) in the presence of
diphenyldiazomethane have also been studied in detail

and the results are illustrated in table 3.5.
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Table 3.5 Photooxidation of phosphine selenides and phosphine sulphides with
diphenyldiazomethane in the presence of Rose Eengal™ dye.

Compound Yield of oxidised organophospharus
compound (%)

Ph,Pse(1) 98
FHEP{SE}GEt[E} B9
FhP{SE][ﬂEt]2{3] 53
{EtD}3P59{4] 16
{MEU}HPSE (5) 37
Ph.PS (6) 15,21°
PhEP[S}GEt (7} ﬁ,lﬂb
PhP (S) (0EL) , (8) 0, o
[Etﬂ}3P5 (9) o, o°
(Me0) ps (10) 0, o

a, Rose Bengal 2 x lD'4H, diphenyldiazemethane 1 = lU_EM, organophasphorus compound

2.5 x IDF3H, CHE13:MEGH {1:1 w/v), irradiation time 90mins.

b, Diphenyldiazomethane 5 x 10'2M.

As observed with the persulphoxide reactions, the
phosphine selenides are the most reactive compounds
towards carbonyl oxide species in comparison with their
analogous phosphine sulphides. The phosphine selenide
{1) has been oxidised almost completely +to its
corresponding phosphine oxide, i.e. 98%, while the
phosphine selenide (2) has been oxidised to B89%. The
remaining phosphine selenides (3-5) have been oxidised,

to their corresponding phosphine oxides, to a lesser
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extent i.e. 53, 46, and 37% respectively.

The reactivities of the phosphine sulphides
towards PEeroxy species derived from
diphenyldiazomethane, were observed to be lower than
those for the phosphine selenides. However, the
phosphine sulphide (6) showed approximately half the
reactivity (15%) of +the 1least reactive phosphine
selenide (5), while the phosphine sulphide (7) showed
only 6% oxidation product. The other remaining
phosphine sulphides (8-10) showed no reactivity at all.
Furthermore, as the concentration of the

diphenyldiazomethane was increased from 1.0 x l{J_2 to

el R lﬂ'zm an increase in the product vyield for
phosphine sulphides (6) and (7) was observed i.e. 31

and 10% respectively, while the other phosphine

sulphides remained unaffected.

These observations are consistent with those
reported for the reactions with persulphoxide species
in table 3.4. This seems reasonable since both
di-n-hexylsulphide and diphenyldiazomethane generate
analogous intermediates for these deselenation and
desulphurisation reactions. Furthermore, 1t was
cbserved that in the presence of diphenyldiazomethane

and the absence of Rose Bengal dye, photooxidative
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deselenation and desulphurisation still occurred.

These results are presented in table 3.6.

Table 3.6 Direct phntuuxidatinnE of phosphine selenides and phosphine
sulphides in the presence of diphenyldiazomethane.

Compound Yield of oxidised organo-
phosphorus compound (%)

Ph.PSe (1) 94
Ph,P(Se)CEL (2) 19
phP{Se]mEt}2 (3) 14
{EtD]IEPSE (4) 13
{HeDJBFSe (5) 10
Ph.PS (6) 8
PhEP[S}ﬂEt (7) 0
Pthﬁ]l{UEt}2 (8) 0
titﬂ}aPS (9) 0

0

[Meﬂ}3PS (10}

a, diphenyldiazomethane 1 «x IU"EM, organophosphorus  compound 2.5 x 10'3H,

CHE13:MEUH (1:1 v/v), irradiation time 24 hours.

As- ‘discussed earlier, the phosphine :zsSelenide=s
generally tend to be more reactive towards
diphenylcarbonyl oxide than their analogous phosphine
sulphides. However, it was found that only the
triphenylphosphine selenide (1) showed any great
reactivity towards the carbonyl oxide species i.e. 94%.

The remaining phosphine selenides (2-5) produced much
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reduced yields of oxidation products, as compared with
the previous case, i.e. 19, 14, 1535 and 10%

respectively.

Furthermore, for +the phosphine sulphides it was
observed that only the triphenylphosphine sulphide (6)
showed any reactivity at all i.e. B% oxidation product
was formed. The remaining phosphine sulphides (7-10)
produced no oxidation products. In addition, it was
nocted that in these photooxygenation reactions the
cxidation product of diphenyldiazomethane
(benzophenone) was formed after the irradiation pericd.
This implies, as in previous studies with
diphenyldiazomethane, that carbonyl oxide intermediate

species had also been formed in these reactions.

Conclusion

From the control experiments, i.e. the dye
sensitised photooxidation of each phosphorus compound
(1-10) dissolved in chloroform:methanol (1:1 w/v) in
the absence of di-n-hexylsulphide and
diphenyldiazomethane, it was observed that no

appreciable deselenation or desulphurisation was
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achieved. This sugi%ts that “rthe’ . observed
photooxygenations of the phosphife selenides and
phosphine sulphides with the di-n-hexylsulphide or
diphenyldiazomethane are not the result of the direct
action of the singlet oxygen on the phosphorus

selenides or phosphorus sulphides, as described in

chapter 2. 4 different oxidative mechanism must be
involved.
From the literature survey presented on

dialkylsulphides and diazcalkanes, it can be concluded
that these compounds show a great affinity for reacting
with singlet oxygen +to generate highly reactive
transient species in situ. These transients have been
utilised to effect oxidations of compounds which are
usually extremely unreactive towards singlet oxygen.
For example, it has previously been mentioned that
diphenylsulphide shows very little reactivity with
singlet oxygen. However, diphenylsulphide has been
found to be easily oxidised by diethylpersulphoxide
species {Etzgoﬂ_} to produce the corresponding

Loyl B

diphenylsulphoxide (Ph,50]). Similarly, it caﬁ

2
be concluded that the phosphine selenides and phosphine
sulphides are most probably oxidised by analogous

intermediates. Hence the following mechanism scheme

3.7 is proposed for the reactions of persulphoxide
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species with phosphine sulphides and selenides.

Scheme 3.7

B® 19 q|P=x =R Ot) :
‘E_E}R::;__’kf\bp_u» S \o-(—j

: X
4 ¢ (ii) R (B) /
{iii) | O-0 bond cleavage
\FD_X bond formation
N = b
#§—+D ©>s =0
+
KEE#H =~
o b P
X + OmE ¢ Ol’},-ra
{C)

R = CHB{CHEJE—

X = Be,5

The mechanism cutlined in scheme 3.7 implies that as
the persulphoxide intermediate species (A) is generated
it is rapidly guenched by a molecule of
organophosphorus compound, reaction (ii), to form
intermediate (B) which undergoes 0-0 bond cleavage and
O-X bond formation to generate sulphoxide and a cyclic
dioxathiirane species (C). This cyclic structure also
undergoes rearrangement to produce the phosphine oxide

and elemental selenium or sulphur. Furthermore,
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according to reaction f3i) the crganophosphorus
compound functions as an intermolecular trap for the
persulphoxide species and competes with a second
molecule of the sulphide for the terminal oxygen atom
to produce the corresponding phosphine oxide plus

sulphoxide, as shown in scheme 3.8 below:

Scheme 3.8

1
R 0 R
;“‘,s L ST el

R R

>D=D + R,S0

e
Il

CHEECHE]E-

-
]

Se,S

As a result of this competition, between reaction
{ii) and (v), the rate of reaction for the formation of
sulphoxide from di-n-hexylsulphide is 1likely to be
reduced or conversely the rate of disappearance of the
di-n-hexylsulphide is likely to be reduced. In order
to test this point a mixture of di-n-hexylsulphide and
Rose Bengal dye in chloroform:methanel (1:1 v/v) in the

presence and absence of triphenylphosphine selenide (1)
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was irradiated. Readings were taken at regular
intervals and the disappearance of the sulphide
monitored by glc. These results are reported in table
3.7 and shown graphically in fig.3.5. Indeed, the
rate of disappearance o¢f the di-n-hexylsulphide was
cbserved to be reduced, in the presence of
triphenylphosphine selenide (refer to fig.3.5). In
addition phosphine selenide (1) was almost completely

consumed in the reaction (96%).

Table 3.7 Dye sensitiser}i co-photooxidation of di-n-hexylsulphide 1in the
presence (@) and absence (+) of triphenylphosphine selenide in
chloroform:methanol (1:1 v/v).

Time (mins) % Disappearcne of :::S
o +

4 16 11.5
a 15 22
17 26 34
16 33 45
20 42 52

24 48 fib.4

2B 4] 74.3
32 B5 86
an B2 96

a, sulphide 1.0 x ID'EM, Rose Bengal 2 x lﬂ'aﬁ, Ph_PSe.2.5x% ID'HM-

3

Similarly, for the dye sensitised reactions of
diphenyldiazomethane with phosphine selenides and
phosphine sulphides, the following mechanism is

proposed (scheme 3.9).
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e - Presence of triphenylphosphine selenide.
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% Disappearance of Di-n-hexylsulphide with time
and absence of triphenylphosphine selenide.
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Scheme 3.9
1 ~ N X
Ph 0. Ph (o b g ot B 0 (‘
e i NE\ j?*——} ~EN |+
2R % Biea (alih s OFFTAN
Ph Ph Ph A\
(iii) | 0-0 bond cleavage
0-¥X bond formation
'
Fh
sy
% Ph I
A (iv) e
N2+X+U—P{—:- {—u—!y/xéntph\ 0%
Fh
X = Ee,S
The reactions (i) - (iv) are analogous to the reactions
shown in scheme 3.7. In both schemes (3.7) and (3.9),

the dye sensitised photooxidative deselenation and
desulphurisation reactions have been interpreted as
occurring via nucleophilic attack of the persulphoxide
intermediate and carbonyl oxide species upon the
organophosphorus compounds (1-10). However, the
literature survey given in this section suggests that
both the persulphoxide intermediate and carbonyl oxide
species are also capable o¢f showing electrophilic
characteristics. For instance the persulphoxide of
diethylsulphide {Et2§00d} is reported to be an
electrophile in its reactions with monosubstituted
diphenylsulphides in methanol. 2lso, the persqlphoxide

of diphenylsulphide tthgomd} is reported to be
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essentially an electrophile in its behaviour with
disubstituted diphenylsulphides in dichloromethane

solution (see table 3.2).

In addition, the carbonyl oxides of
diphenyldiazomethane {théoo‘} and
phenvlbenzoyldiazomethane EPhC[O}PhEOOA} also show.
electrophilic behaviour with monosubstituted
diphenylsulphides (see table 3.3) in aprotic solvents.
Hence, the alternative mechanism can alsc apply for the
observed dye sensitised photooxidative deselenation and

desulphurisation reactions (schemes 3.10 and 3.11).

Scheme 3.10
1 ¥ \ Rt o
P\sz_} R\S/T %R\S/D XHRRS/E:\T
L TG, /\Qtn} AN RN
R R 0 R D R De=ap
(111) §>§
""-.H_.
% J R¢O
-3 4P~ +
o R
i | \5=D
ﬁ/
o ¥
N E D‘ﬁa" (iv) ]::}E;
O
R = CHBECHZ}E
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Similarly for carbonyl oxide species:

Scheme 3.11

it

R D PR R 0—X 0—13X
oy 2 — T S e NN
Nyl Lly —=ha 0 Tl
2w (1) /ﬂ E DAt = \
R/ R \C‘JD o +1L \Eﬁ_p
(a) (B) (C)
(A1 \Lpy Vit
\\D_
0—X + ¢

”
P—-
S
o
(D)
R = Fh
X = Se,8
The reactions (i) - (iv) in both schemes 3.10 and
3.11 are analogous to each other. In the reaction

(ii) of scheme 3.11 it is the P=Se or P=5 moiety of the
organophosphorus compound that is attacking the oxygen
atom of the cyclic stfucture via a nucleophilic process
to generate intermediate (B) which presumably cyclises
by the formation of a P-0 bond to generate intermediate
el Subsequent rearrangement of this intermediate

then produces carbonyl oxide and a strained cyclic
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structure (D) which rapidly rearranges to produce the

desired phosphine oxide.

However, the dye sensitised photooxidation results
reported in this section do not enable us to
distinguish between the two types of reaction
mechanisms i.e. nucleophilic or electrophilic behaviour
of the intermediate peroxy species. Whichever
mechanism operates the order of reactivity of the
phosphine selenides (1-5) and phosphine sulphides
(6-10) will be the same. Furthermore, the instability
of such cyclic structures (dioxathiirane) in protic
solvents, namely methanol, makes the operation of an
electrophilic mechanism unlikely. Hence the
nuclecphilic mechanism predominates, in protic

solvents, in these observed photooxygenations.
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CHAFTER 4

OXIDATIVE DESELENATION REACTIONS OF PHOSPHINE

SELENIDES WITH 1,2-DICARBONYL BASED

PHOTOINITIATORS
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4.1 INTRODUCTION

l,2-dicarbonyl compounds e.g. benzil, biacetyl,
pyruvic acid, pyruvate esters and acenaphthanguincone

2,4-6,9,13,21

are known to produce 1,4-diradical species

when their triplet states are guenched by ground state

oxygen (fig.l.4).

Fig.1l.4
& 0] .
ﬁ | i A i
PhC"—*?Ph Me “*'?ME ROC—-?ME @]
; fo (/g ©©
c/ o
(R=H,Me,Et)

These diradical intermediates may have sufficiently long

lifetimes to participate directly in photooxidation

4

. ; ; 1 : 2
reactions. For instance benzoin, benzil,®’ and

biacetyl3 photoinitiate the transfer of an oxygen atom

6

to alkenes to produce epoxides {or oxiranes) and to

3,5

sulphides to generate sulphoxides and sulphones. It

has been suggested that the intermediate species
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responsible for the epoxidations are the benzoylperoxy
(generated from benzoin and benzil) and acetylperoxy
(generated from biacetyl) radicals. The proposed

radical mechanism is shown below:

Scheme 4.1
0 0
LS ﬁn I il
oy by
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é-#-é‘:: (B)
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The scheme 4.1 shows the formation of a radical
intermediate (&) occurring via the formation of a C-0O
bond and at the expense of homolytic C=C bond cleavage.
Radical (A) then rapidly undergoes homolytic 0-0 bond
cleavage to generate a diradical species (B) which
undergoes rotation around the C-C bond, followed by
intramoclecular cyclisation to produce predominantly

trans epoxides.

The formation of the benzoyl and acetylperoxy

radicals may be understood from the photolyses studies

of benzoin, benzil and biacetyl respectively.qu’T*a
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The photolysis of benzoin, in oxygenated solutions, is
thought to occur through the homolytic cleavage of thé
Cc-C bond?’8 with the initial formation o©of bkenzoyl and
hydroxybenzyl radicals. Further reaction of the
radicals, with molecular oxygen, occurs to generate
benzoylperoxy and hydroxybenzylperoxy radicals
respectively. However, in the absence of oxygen these
former radicals preoduce benzaldehyde via hydrogen atom

transfer:

Scheme 4.2
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As previously mentioned, benzil has alsoc been reported
to photoinitiate the transfer of a single oxygen atom to
alkenes to produce epoxi-ﬂes.z"4 It was suggested that

the intermediate species responsible for the epoxidation
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was analogous to that in the  |benzeoin initiated
photoepoxidation of alkenes, i.e. benzoylperoxy radical.
The reaction of the intermediate with an alkene is shown

in scheme 4.1, whilst its formation is shown in scheme

4.3:
Scheme 4.3
0 o = 0
thg Eph vy ppll—8pn | -ISC, ppé— CPh—-I —}Ph&ﬂ%
o
D
L i
o fgph PhC. (B)
% L) 0
D_,_...D 57 (C)
0
3
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The mechanism illustrated requires that the
initial process, in the irradiation of an oxygenated

benzil solution, involves the direct action of the

initiator's triplet state with molecular oxygen. This
guenching effect generates the l,4-diradical
intermediate species (A) which then wundergoes rapid

homolytic C-C bond cleavage to produce benzoyl (B) and

benzoylperoxy (C) radicals. The benzoyl radical reacts
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with meolecular oxygen to produce a benzoylperoxy
radical. In addition the authors failed to detect any
benzoyl radical formation during irradiation of benzil
under nitrogen. This observation was reported to be
consistent with previous studies with the benzil

:i.n:i.t:i.r;ln't'::ur._"r

Furthermore, benzil was reported to be
completely consumed and several of the decomposition
products produced were identified e.g. benzoic acid,

biphenyl,phﬂHL benzoate and perbenzoic acid.

However, in addition to producing diradical
species the 1,2-dicarbonyl compounds have also been

reported to initiate singletlu’13

oxygen formation from
their triplet states. The reaction, to give epoxides,
cften competes very successfully with reactions
associated with the chemistry of singlet oxygen. Hence
a mixture of products, resulting from singlet oxygen
photooxidation and peroxy radicals, may be obtained.
Indeed, this has been found +to be the case in the

photolysis of acenaphthanquinone25

with cyclohexene.
The singlet oxygen derived photooxidation products were
3-hydroperoxy cyclohexene and adipaldehyde while the

peroxy radical photooxidaticon products were the

cyclchexene oxide and 1l,8-naphthalic anhydride:



-115-

Scheme 4.4

4
DHC[CH2}4CHD

The formation of the peroxy photooxidation product,
cyclohexene oxide, may be visualised as occurring via
two separate mechanisms. Scheme 4.5 involves the
molecular oxygen bonding to the carbonyl carbon of the
initiator to produce 1,4-diradical species [(A) which
cyclises to generate an epoxide 1,5-diradical (B)
followed by rapid homolytic C-C bond cleavage to produce
1l,3-diradical (C), which is presumed tc¢ react with the
alkene to produce the cyvclohexene oxide and

l,8-naphthalic anhydride.

Scheme 4.5

e o
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Alternatively a second mechanism may be equally probable
and involves the molecular oxygen bonding to the
carbonyl oxygen of the INIC1ATOr  to’ Aigenerate A

l1,4-diradical trioxide (A).

Scheme 4.6

29 O

In a recent Etudy13 the photooxidation of cyclohexene

with acenaphthanquinone was shown to produce 1:1

cyclohexene:gquincne adduct as the major product.
Scheme 4.7
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This large difference in the product formation has been
attributed to the higher concentration of the
cyclohexene used in the photolyses reactions. i Elgl=
authors have proposed the reaction mechanism in scheme

4.8, to explain the formation of minor products.

Scheme 4,8
—T

8] 0

R E;C\

Ketone
radical
CLosm

diepoxide

The report suggested, in contrast to scheme 4.5,
that the formation of the epoxide diradical was highly
improbable since it is unstable and thus unlikely to
exist for any appreciable length of time to participate
in the reaction. The ketone diradical is more stable
and is therefore able to participate in the reaction.
In addition it was suggested that the formation of the
diacylperoxide was also unlikely since no peroxide was

25,13 solution and

isolated from the photolysis
furthermore the formation of the anhydride, from the

diacylperoxide is difficult.
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Similarly, +the photolysis of biacetyl has been

11 The

presumed to proceed through the triplet state.
mechanism is believed to be analogous to that of the
initiator benzil i.e. invelving the initial generation
of the l,4-diradical species (A) by the action of ground
state oxygen on the triplet state of +the initiator,
followed by rapid homolytic C-C bond cleavage to produce
acetyl radicals (B) and (C). Acetyl radical (B) may

react further, with ground state oxygen, to produce

another molecule of acetylperoxy (C):

Scheme 4.9
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It is generally accepted that the intermediate
species (C) is responsible for the epoxidation reactions

6

of the alkenes. The acetyloxy radical (D), formed

upon epoxidation, rapidly decarbozxylates to give the

methyl radic3112

which may add a meolecule of oxygen to
form the methylperoxy radical (E). It is this radical
which is believed to be responsible for the formation of

C-C bond cleavage products in biacetyl initiated

photoepoxidations of alkenes® (refer to scheme 4.1).

The photolyses of pyruvic acid and pyruvate esters
have been extensively studieat® 17  ana presumed to
proceed through the triplet state of the initiator.
However, the triplet state is not guenched by a molecule
of oxygen in the ground state, as in the previous cases,
but by another molecule of pyruvic acid or pyruvate
ester present in the ground state. This interaction
results in the transfer of an electron from the triplet
state to the ground state molecule hence preoducing a
number of acylperoxy and alkyperoxy radicals, in the
presence of oxygen, which can promote oxidative
deselenation reactions. These oxidative and reductive

processes are depicted below:
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Scheme 4.10
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4.2 Results and Discussion

On the basis of the known chemistry of
1l,2-dicarbonyl compounds it is proposed that they could
be used as initiators for the oxygenation of phosphine
selenides. The remainder of this chapter is concerned

with the investigation into the ability of, and
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mechanisms by which, a range of 1,2-dicarbonyl compounds
initiate the photooxidative deselenation of a variety of

phosphine selenides.

The photooxidative deselenation of phosphine
selenides has been achieved by irradiating a mixture of
the organcopheosphorus compound and a 1,2-dicarbonyl
compound, e.g. benzoin, benzil and ethyl pyruvate, in
the presence of oxygen. The results obtained are
illustrated in table 4.1. 211 the selenides (1-5) were
completely oxidised +to their corresponding phosphine
oxides. In all the oxygenation reactions the
photoinitiators were found to be consumed during the

reaction.

In consideration of the reported formation of
peroxy radicals during the irradiation of 1,2-dicarbonyl
compounds, it is not unreasonable to presume that these
radicals could be responsible for the photooxidative
deselenation of phosphine selenides. However, as
indicated earlier the triplet state of the initiators
benzil, biacetyl and acenaphthanquinone, react with a
ground state oxygen molecule not only to generate

2,4-6,9,20-22

l,4-diradical species but also undergo

energy transfer to produce singlet axygen_lu*l3*25

Thus the photooxygenation reactions observed with the
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l,2-dicarbonyl compounds could also be due to singlet
oxygen reactions. In order to test this point the
phosphine selenides were iradiated in the presence of
Rose Bengal, Methylene blue or meso-tetraphenylporphyrin
which are efficient producers of singlet oxygen. These
studies revealed that of the five phosphine selenides
employed in the dye sensitised reactions, only the
triphenylphosphine selenide (1) produced any appreciable
reactivity with the singlet oxygen (table 4.2). The
remaining phosphine selenides showed hardly any
reactivity towards singlet oxygen. This implies that
the observed reactivity of the triphenylphosphine
selenide, in the 1,2-dicarbonyl initiated reactions, may
be due to singlet oxygen reactions as well as the
l,4-diradical reactions. However, since the remaining
phosphine selenides showed negligible reactivity towards
singlet oxygen, it can be concluded that the observed
photooxygenation reactions of the phosphine selenides
with the 1,2-dicarbonyl initiators are more likely to
invelve the formation of 1,4-diradical intermediate

species rather than singlet oxygen.
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Table 4.1 . Photooxidative deselenation> reactions of phosphine selenides (1-5)

with 1,2-dicarbony]l based compounds

Compound Initiator Initiator mol. % oxidise product
equivalent
PhEPSE (1) benzoin 4 100
“ 2 98
benzil 4 100
L 2 49
biacety] 4 99
" 2 98
acenaphthanguinone 2 96
ethyl pyruvate i 100
n 2 a7
methyl pyruvate 4 100
" 2 g7
pyruvic acid i 98
" 2 93
thPtﬂe}GEt{E} benzoin 4 ag
b/ 2 98
benzil 4 a7
i 2 98
biacetyl 4 99
L 2 95
acenaphthanguinane 2 98
ethyl pyruvate 4 96
i 2 g7
methyl pyruvate 4 98
o 2 1
pyruvic acid 4 98
2 2 a4
PhPSe{DEt}Z{SJ benzoin 4 98
i 2 49
benzil 4 99
o 2 100
biacetyl 4 96
] 2 97
acenaphthanquinone 2 a5
ethyl pyruvate 4 100
" 2 98
methyl pyruvate 4 99
! 2 100
pyruvic acid 4 a7
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Table 4.1 contd.

fEtﬂ}aPSE (4) benzoin 4 97
i 2 100
benzil 4 a8
[ Z 96
biacetyl 4 98
n 2 o9
acenaphthanquinone 2 98
ethyl pyruvate 4 a7
[ ? a5
methyl pyruvate 4 92
i 2 97
pyruvic acid 4 99
{HeU}BFSe{E} benzoin 4 100
it 2 95
benzil 4 a9
u e a5
biacety]l 4 a7
n 2 99
acenaphthanguinone 2 95
ethyl pyruvate 4 93
n 2 ag
methyl pyruvate i a4
" ? a7
pyruvic acid 4 58

3, phosphine selenide 1.5 x ID-ZM, irradiation time 24  hours, under oxygen
atmosphere, in CHE13{dry], at 350nm.

Table 4.2 Product yields (%) for dye sensitised reactions of phosphine
selenides (1-5).

Dyea % oxidation of phosphine seienidesh
PhPSe  Ph,PSe(OEt) PhPSe{ﬂEt}z (Et0) jPSe (MeD) PSe
(1) (2} (3) (4) (5)
Rose Bengald ) a7 23 6 1 0
Hesu—tetrapheng1pnrphyrlﬂ 75 4 2 <1 1
Methylene blue BU 9 3 <1 2

a, dye concentration 2.0 x 107 Mdm . 3
b, phosphine selenide ([1-5) concentration 3.0 x 107 Hdm , irradiated under oxygen
for 5 hours through 2% K Erz 7 solution with day light fluorescent lamps -
¢, chloroform as suluent.
d, chloroform:methanol (1:1 w/v).
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The results'' in table 4.1 show" thar" "all <the
phosphine selenides (1-5) have been completely oxidised
to their corresponding phosphine oxides. This suggests
that the action of peroxy radicals upon these phosphine

selenides is a very efficient process.

In the case of the benzeoin initiateor, it has been
proposed that the photoepoxidation reactions involve the
benzoylperoxy radicals as intermediates.™® Similarly it
can be concluded that the benzyoylperoxy radical,
generated by irradiating benzoin in chloroform, can also
be responsible for the observed oxygenation reactions of
the phosphine selenides. Hence the following mechanism

scheme 4.11 is proposed.

Scheme 4.11

f"‘\- - -
= =/5? DOCR——DsbongN,E S5
7AJ

[’ formaticn” {A)
D.—.
re _
N B el
RosogniCH 3 B cleavage + RCO
{i) C-0 bon cleavage (C) i 0
RC = 0 + ‘EP_S{E I
. (B) I | —
=p—=
R N
8]
3
— Se
, 3 l
{}l{! ;P=D+SE
v |
RCOO =P=0+8e0
H 7/



-126-

The benzoylperoxy radical reacts with the
phosphine selenide to generate an intermediate species
(2), wvia the formation of an Se-0 bond. Species (&)
may then decompeose, wvia two reaction pathways, to

produce the desired phosphine oxide product.

Reaction pathway (di) involves the homolytic
cleavage of a C-0 bond to generate a benzoyl radical and
a diradical species (B) which rapidly cyclises to
generate a four membered intermediate which in turn
undergoes rearrangement +to eventually produce the
phosphine oxide and selenium oxide products. In
addition, the benzoyl radical regenerates the
benzoylperoxy radical, which in turn attacks another
molecule of phosphine selenide to regenerate

intermediate (A).

Reaction pathway (ii) involves the cleavage of the
0-0 bond to generate a benzoyloxy radical and a
diradical species (C) which cyclises to give a three
membered intermediate species, this rapidly rearranges
to produce the phosphine oxide and elemental selenium.
The photooxygenation results of the phosphine selenides
(1-5) showed that elemental selenium was deposited at

the end of the irradiation pericod.
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This suggests that EO T the photooxidative
deselenation reactions the mechanism proceeds wvia the
reaction pathway (ii) only and not wvia reaction pathway
(s Analogous S-oxide intermediates to that shown by

intermediate species (C) have been suggested currently,
18

in the peracid oxidation of phosphinothiocates and in
the enzymic metabeolism of parathion.lg Similarly, the
hydroxybenzylperoxy radical, generated . in,, situn by

irradiation of benzoin, may also lead to the oxidation

of phosphine selenides via reaction pathway (ii).

For '‘benzil as initiator, it is 1likely that the
benzoylperoxy radical, generated in situ by irradiating
benzil in chloroform, is again responsible for the
observed photooxidative deselenation reactions and the
reaction proceeds via the reaction pathway (ii) i.e.
involving the formation of a three membered ring as
shown in scheme 4.11 (R=Ph). Alternatively, these
oxidative deselenation reactions may also occur by the
reaction of scome photodecomposition product ciEE e
benzil initiator with the phosphine selenide.
Irradiation of benzil in acetonitrile has been reported

20 The formation of the

to produce benzoic anhydride.
anhydride may be wvisualised as occurring wvia a carbonyl
oxide or epoxide intermediates, scheme 4.12. Each of

these resonance intermediates could be responsible for
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the photooxygenation reactions of the phosphine

13 that the

selenides. However, it has been suggested
diradical epoxide intermediate (A) is energetically less
favourable than its corresponding intermediates (B), (C)
o (D). The intermediate species, epoxide (D), is
unlikely to have an appreciable 1lifetime in protic
solvents, namely chloroform, due to its reaction with

the solvEnt.H_24

Furthermore, the carbonyl oxides
have been shown (chapter 3) to be very efficient oxygen
transfer reagents towards the phosphine sulphides and

phosphine selenides to produce the corresponding

phosphine oxides.

The biacetyl initiator generates acetylperoxy
radical, on irradiation, which subsegquently reacts with
the phosphine selenides according to the reaction
pathway (ii) in scheme 4.11, where R=CH3. However, it
may also be possible that the observed oxygenation
reactions of the phosphine selenides could be due to the
interaction of a methylperoxy radical, formed from
methyl radical after decarboxylation of the acetyloxy
radical, with the phosphine selenides (scheme 4.13).
In addition the resulting methoxy radical may alsc react
with another molecule of phosphine selenide to produce
the corresponding phosphine oxide and a methyl radical,

which may subsequently be scavenged by ground state

oxygen to regenerate the methylperoxy radical.
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Scheme 4.12
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Irradiating a mixture of acenaphthangquinone and

phosphine selenide in chloroform has produced
1,8-naphthalic anhydride and phosphine oxide
respectively. It is likely that the formation of the

anhydride25 and phesphine oxide may have occurred via
the 1,4-diradical species, since it has been suggested
that these diradicals may have sufficiently long life
times to enable them to participate in oxygenation

reactions:

Scheme 4.14
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The mechanism in scherme 4.14 involves the initial
formation o¢of a Se-0 bond to generate intermediate
species (A) which rapidly undergo 0-0 bond cleavage to

give diradical intermediates (B) and (C). The
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intermediate species (B) «c¢yclises and rearranges to
produce phosphine oxide and elemental selenium, while
intermediate species (C) undergo C-C bond cleavage to

produce the anhydride.

In additioen, these l,4-diradicals may also
generate sibling acylperoxy radicals, which may have
facilitated the observed photooxidative deselenation

reactions. Hence the following mechanism is proposed:

Scheme 4.15
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In the above mechanism (scheme 4.15) it is implied
that the active diradical intermediate species,

generated from the 1l,4-diradical species wvia C-C bond
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cleavage, reacts with a molecule of phosphine selenide
to give an intermediate species (A) which is analogous
to species (A) in scheme 4.14. As in the earlier
scheme, this intermediate decomposes to produce two
further reaction intermediates (B) and (C). Species
(B) cyclises and eventually produces phosphine oxide and
elemental selenium, while species (C) rapidly undergo

C-0 bond formation to generate the anhydride.

The photoo%ﬁenation reactions of phosphine
selenides with pyruvic acid, methylpyruvate and
ethylpyruvate, as with previous initiators, are very
efficient and produce ~100% deselenation at the
prospective pentavalent phosphorus atoms. These
initiators have been reported to generate a number of

acylperoxy and alkylperoxy radicals on irradiation, as
shown in scheme 4.10. It is reasonable to presume that
some of these radicals may be responsible for the
observed photooxidative deselenation reactions. From
scheme 4.10 it can be seen that the intermediates (A) -
(C) are probably the most 1likely candidates for the
photooxygenation reactions of the phosphine selenides.
Intermediate species (A) is an acetylperoxy radical,
which can react with a phosphine selenide molecule as

shown below:
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Scheme 4.17
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The acetyloxy radical generated in the reaction
rapidly decarboxylates to give a methyl radical, which
may be scavenged by a ground state oxygen ﬁolecule to
produce a methylperoxy radical. These series of
reactions are similar to that shown in scheme 4.9, in
the irradiation of the biacetyl initiator. Furthermore
the methylperoxy radical generated may react further, as
shown previously in scheme 4.13, to produce phosphine

oxide.

The intermediate species (B) has an analogous
structure to that of the acetylperoxy radical (A) hence

a similar reaction mechanism is proposed:
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Scheme 4.18
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The methoxy radical may react with another
molecule of phosphine selenide to produce phosphine
oxide, elemental selenium and a methyl radical. This
radical may then be scavenged by another ground state
molecule, as earlier, to generate a methylperoxy

radical.

The intermediate (C) is a 1l,4-diradical species
which may react with a molecule of phosphine selenide as

shown in scheme 4.19
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Scheme 4.19
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These resonance intermediates may react further with
another molecule of phosphine selenide, as shown earlier
in scheme 4,12, However, from the earlier work
reported in chapter 3, it can be concluded that the
carbonyl oxides are efficient oxygen donors towards the
phosphine selenides and hence produce phosphine oxides
guite readily. Furthermore, the epoxide intermediate
species has been proposed to have insufficient lifetime,
bl i fuf e SE L solvents, to produce any appreciable

oxidation,

4.3 Summary

The nature of the intermediate oxidising species

in the photooxidative deselenation reactions is unclear.
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It has been shown that, 1l,2-dicarbonyl compounds are
capable of initiating the photooxidative deselenation of
a range of phosphine selenides to generate the
corresponding phosphine oxides. The triplet states of
the initiators investigated e.g. benzoin, benzil,
biacetyl, pyruvic acid, pyruvate esters and
acenaphthanguinone are known to be gquenched by ground
state oxygen to generate singlet molecular oxygen as

well as 1,4-diradical species.

However, the results obtained using dyes as
sensitisers indicate that singlet oxygen is relatively
unreactive towards the phosphine selenides tested with
the exception of triphenylphosphine selenide.
Therefore, the ability of the 1,2-dicarbonyl compcounds
to act as initiators for photooxidative deselenation
reactions 1is attributed to their ability to generate
l,4-diradical species. In order to explain the

obhserved results a number of mechanisms are proposed.
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CHAFTER 5

OXYGENATION REACTIONS OF PHOSPHINE SELENIDES

AND PHOSPHINE SULPHIDES WITH

HETEROCYCLIC N-OXIDES
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oYk INTRODUCTION

There has been considerable interest shown in the
literature regarding the nature and reactivity of the
"active intermediate species", generated in situ by
hetercaromatic N-oxides upon irradiation. However, in
order to have some insight into the mechanism of oxygen
transfer, from N-oxides to the phosphine selenides or
phosphine sulphides, it is necessary to discuss the
background literature concerning the photoreactions of

hetercaromatic N-oxides.

Hetercaromatic N-oxides have been extensively used

as efficient photochemical oxidisers for alkanes,l

alkenes,z_s'8 epoxidess and currently suIl.;:rl‘.J'.des‘E”FJr to
produce alccohols, epoxides (or in some cases ketones),
ketones and sulphoxides respectively. The mechanisms

for oxygen transfer from N-oxides to the above mentioned
substrates have not been fully elucidated as yet,
although +two probable reaction mechanisms have been

proposed:Llﬂdl2
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Scheme 5.1

@) 8 N i \EA
©
N + A=
/(
e

(hs | X ﬁhﬁ“‘i rearrangement

A=Acceptor molecule

The reaction pathway (i) involves the elimination
of the oxygen atom from the photoexcited N-oxide to
generate an electron deficient "oxene" (atomic oxygen),
followed by its reaction with the acceptor molecule.
Alternatively, the oxidation reactions may proceed via
the dinteraction of the photoexcited N-oxide or its
rearrangement product (oxaziridine) with the acceptor

molecule followed by oﬁygen transfer, pathway (ii}.

Involvement of an oxene has been inferred by
Iwasaki and comworkers,3 based on their observations

that in the conversion of 3-methylpyridazine Z2-oxide in
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the presence of cyclohexene o marked effect upon

the consumption of the  N-oxide Wos Seen.Tn adbilion the

corresponding epoxide and cyclchexanone products were
formed with increased yield when the concentration of
cyclohexene was increased. Similar observations have
also been reported by Rowley and Steedman,lﬂ in the
photochemical reactions of 3-methylpyridazine 2-oxide

with phosphine sulphides, scheme 5.2.

Scheme 5.2

"If

R=Me,OMe,H,Cl,CO0 Me

R1=Me,Et,Ph

2

These reactions showed that the product vyield of
3-methylpyridazine was independent of the nature of the
substrate or its concentration. In addition the rate
of formation of the amine, both in the presence and
absence o©f these phosphine sulphides, was remarkably
unaffected. Thus, these ohservations provided the
circumstantial evidence for the involvement of the

intermediacy of oxene as the active oxygenating species
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in these oxidative desulphurisation reactions. Oxene,
which is of course electron deficient, could easily fit
the role of a highly reactive electrophile and react

with phosphine sulphides as shown:

Scheme 5.3

The result of this interaction is the generation of the
zwitterionic species which may cyclise to give a
strained three membered ring, followed by subseguent
rearrangement to produce the corresponding phosphine
oxides and elemental sulphur. Although the scheme
shows an eguilibrium between these two intermediate

species there is no evidence to suggest this is so.

The involvement of an oxaziridine intermediate,
generated initially by the rearrangement of N-oxides
during irradiation, has been proposed by Kaneko and

11 based on their observations that the ratio

co-workers,
of deoxygenation versus rearrangement depended on the
concentration of the acceptor molecule for several

N-oxides. In the specific case, 1.2 molar equivalents
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of triphenylphosphine has been found to be sufficient to
cause gquantitative deoxygenation in some phenanthridine
concentrations of the substrate

N-oxides, while higher

were required in other cases:

Sbheme 5.4 e |

oo ow

(1.2eq)Ph, P@\/N:L

o
e T Ph F=0
B {E.Deq]PhBJ
A > ([OIO
2Ny ]
o
R
— =) R
However, direct evidence in favour of the
intermediacy of an oxaziridine has been currently

provided by the isolation, il a matrix, of an

oxXaziridine species (A), generated by the photolysis of

E-cyanophenanthridine HN-oxide i.e. scheme 5.5. The

in the
12

scheme shows that on melting the glass matrix,

presence of ethanol or 2-methyltetrahydrofuran (MTHF),

products (B) and (C) were formed respectively. In

addition the irradiation of the oxaziridine

intermediate, in the matrix, produces the product (D)

which can also be obtained directly by irradiation at

room temperature.

N 78%
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Scheme 5.5

OrY
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These reactions have been rationalised as occurring via

the common oxaziridine intermediate species (A).

In several cases, however, indirect ewvidence for
the oxazliridine being an intermediate has been
presented. Part of this evidence comes from a study of

14,15 These

the thermal reactions of 1,2-oxazepines.
compounds are valence tautomers of oxaziridines and
under suitable conditions thermally rearrange to the

starting N-oxide; a process that can be ratiocnalised as

cccurring via the oxaziridine, scheme 5.6.

The second body of evidence involves chemical
trappings of oxaziridines with nucleophiles and oxygen

acceptors.

(C)

(D)
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Scheme 5.6
1 cl
e A ——
5 ? -
N‘MD g

gxaziridines are known to oxidise several species, such

as Feg+ ZUTLC] T ions.l6

In several cases the formaticn
of an oxidising species has been postulated even when
there is no other indication of the intermediacy of an
oxaziridine e.g. liberation of iodine during the

irradiation of some quinoline N-oxides.t /'8

Whether or not oxaziridines are inveolved in the
photochemical transfer of oxygen (to various substrates)
is difficult,  to L assess, L due to the difficulty in
establishing how much the invoked benzoxaziridines
would differ from the natural oxaziridines in their

19-22

chemical properties,. Oxaziridines have been found

to transfer oxygen to +wvarious substrates. In
particular, sulphonyloxaziridines have been studied in

this respect, and found to transfer oxygen to organic

19,20 and a1k9nes.22 However, with

other substrates this reaction 15 nct observed.zl

sulphur compounds,
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Currently, triarylpheosphine sulphides have been shown to
be oxidised to their corresponding phosphoryl analogues
effectively, in the presence of

3-methyl—3—p—nitrophenyloxaziridinelU:

Scheme 5.7

/A
CH-NCH,
RaR = BT ’I:::T’ e e (€25 R J:::I

N02 N02

R:C5H5'4'CH3OC5H4'

4-CH3C6H4, 4—C1CEH4

The mechanism proposed involved the direct
nucleophilic attack of the thiophosphoryl sulphur on the
oxaziridine oxygen to generate intermediate species (&)
which rearranges to give a zwitterionic species, which

may cyclise and eventually generate phosphine oxides:

NO
Scheme 5.8 I

O
2t cfi—hen, - P —cn
NO TegP— Ar (R)

2 l
Ar

CH=NCH

O O
CH=NCH
5 + Dthﬁr}B{—=~—-Séégﬁﬁihr}3ﬁ~a:HS——${Ar)3-P J:::Yr 2

3
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Alternatively, the oxaziridines have been found to

react with nuclecophiles, amines,zE'EG Eulphidesz?r28 and
phosphines,z?’28 through fragmentation of the
oxaziridine ring rather than nucleophilic opening. In

these reactions the initial nucleophilic attack has been
proposed to occur exclusively at the nitrogen atom
(which is another possible reaction site of the ring)
with accompanying fragmentation to give carbonyl
compounds and vlides, which in the case of the reaction
cf triphenylphosphine with

cis-2-methyl-3-phenyloxaziridine gradually disappears to
generate triphenylphosphine oxide and

N-(benzylidene)-methylamine:

Scheme 5.9
Ph ey e
0
/..--:,1 N Ph;:c ﬁ FastiPi D— : PQ/“C—D
PhyP v : \ x~|1 PPh ; !"'\krl
\ 3 MeN—PPh
Ph,B-NMe |
slow
D=PPh3 + PhCH=NMe
r : il ! 23
Reactions with alcochols or amines to form such

products as (A) and (B) have also been inferred as
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evidence for the oxaziridine intermediate IC}J

calthough these products could equally well involve an

24

open zwitterionic species (D) as shown below:

el Sl

s, l = | ~= o5 I e

N ‘*‘i“o N0 l N/ o
| | \

OR R, 0

LAY (B) (c) (D)

Thus, it appears that caution is needed in raticonalising
the N-oxide reaction as an indication of the
intermediacy of an oxaziridine rather than of some

other species.

The literature has not provided any single piece
of evidence that can be considered as unambiguous and
definitive proof of the involvement of an oxaziridine
in the photochemical reactions of aromatic N-oxides,
although it is now generally accepted that these

29,34-43 For

intermediates are formed initially.
example, the photochemical rearrangements of the

guinoline N-oxides have been extensively investigated
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and reported to occur via the
44-47

formation of an

oxaziridine. Thus the large majority of these

rearrangement products have been expldined by invoking

; ' i SRz 48 ;
various pathways from the oxaziridine, as shown 1in

scheme 5.10. Similax pathways are alsc :proposed for

other aromatic N-oxides.

Scheme 5.10
1 1 1 "

@R e 00 T
R ' NV R ™ B P
l‘." ~0 4= — o~

o} Gy = X
==
path |(iii) path [(ii) @I

N
+
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@—(@ 1

:H

Oy I,
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Paths (i)-(ii) are believed to involve the formation of
the =zwitterions, which may rearrange by the indicated

1,2 or 2,3 shifts to generate the observed products (B)

and (C) respectively. Similarly, in the series with
R1=R =H analecgous 1,3 shifts occur to give products (D)
and (E).

Reaction pathway (iii) involves the

symmetry-allowed thermal [1,5]-sigmatrophic shifg??r30

to generate the oxaziridine intermediate (F) which
rearranges to the observed species (G). Analogies for
the (A) to (F) rearrangements have been discussed in
related systems,El while the thermal rearrangement of

(F) to (G) has many precedents.52

There 1is, however, some evidence against the
inveolvement of oxaziridine intermediates. Thus, in the
case of some isogquincline and phthalazine N-oxides it
has been shown that the primary photoproduct (i.e.
isocarbostyril or a diazo derivative, respectively) was
formed within a few nanoseconds of excitation. This

observation excluded the existence of an intermediate of

any stabkility at room temperature.53 Also during the
irradiation of pyridine N-oxide, in matrix at lDK,ED no
intermediate has been detected. Furthermore, no

oxaziridines have been observed from 2-cyancgquinoline
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N-oxide and 1l-cyancisoquinoline N-Dxide.l3 Hence,

these examples put severe limits on the general concept
that all photoreactions of N-oxides involve

oxaziridines.

5.2 Results and Discussion

The literature survey presented above implies that
a large majority of the aromatic N-oxides can be used
successfully to effect oxygenation reactions with a wide
variety of substrates by the transfer of a single oxygen
atom. Thereby generating the respective parent amines
and/or rearrangement products, in addition to oxidised

products of the various substrates.

In this investigation a number of aromatic
N-oxides have been employed to study the oxidative
deselenation and desulphurisation reactions of a series
of trisubstituted phosphine selenides {1-5) and
phosphine sulphides (6-10). These oxidation reactions
have been achieved by co-photooxidation of phosphine
selenides or phosphine sulphides with each N-oxide in
turn. The results of these studies are illustrated in

tables b Ee In addition the organophosphorus
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compounds (1-10) were also treated with
2-phenylsulphonyl-3-(p-nitrophenyl) oxaziridine ,The
Were

reactions,stirred at room temperature in the absence of
light to initiate oxidative deselenation and

desulphurisation reactions.

Table 5.1 Photosensitised oxidation of phosphine selenides (1-5) by N-oxide
in nitrogen purged dichloromethane.

N-oxide % oxidation of organophosphorus selenides
Ph.PSe Ph.PSe(0Et) PhPSe(0Et), (Et0).PSe (MeD) PSe

(1) (2) (3) (4) (5)
Pyridine® 96 96 91 86 89
2-Picoline® 96 96 92 88 89
Duinnlineh 100 249 a8 83 B0
?—Hydruxy—3H-phenoxazine—3—unec 100 100 a7 12 15
;:n—i.‘!;.farlnu—r-!,N—v::lir|1et‘rl;~.f1m'1"|l1rua"aI 100 100 a8 g9 99
3-Methy1pyr1dazineh 99 a9 100 98 100

a, Phosphine selenide 2 x IU'EH, N-oxide 5 x 10'3H, solutions irradiated at 254nm for
24 hours,

b, Phosphine selenide 2 x 10F3H, N-oxide 5 x 10 'EM, solutfons irradiated by medium
pressure mercury lamp (M.P.Hg) gnr 24 hours. .3

c, Phosphine selenide 1 x 10 "M, N-oxide 2.5 x 10 "M, frradiated by high pressure
mercury lamp (H.P.Hg) for 24 hours 1n_CHE137HeDH (1:1 viv).
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Table 5.2 Photosensitised oxidation of phosphine sulphides (6-10) by N-oxides
in nitrogen purged dichleromethane.

N-oxide % oxidation of organophosphorus sulphides

PhaPS FhEPS{ﬁEt} PhPS{DEt]2 (Etﬂ}BPS {HED}3P5

(6) (7) (8) (9) (10)

Pyridine 93 90 88 83 87
2-Picoline” a1 30 76 22 18
DuinD1inEh 29 18 14 3 3
?-Hydruxy—EH—phenuxaz1ne-3-ﬂnec 16 14 14 g 9
p-Cyanu-H,H-dimethylani]1nEa 24 16 11 8 9
E-Hethy1pyridazineb 75 6l 60 58 53

a, Phosphine sulphide 2 x 10_3H, N-oxide 5 x 10_3M, solutions irradiated at 254nm for
24 hours.

b, Phosphine sulphide 2 x IU'EH, N-oxide 5 x IGHBH, solutions irradiated by M.P.Hg
lamp for 24 hours. 3 A

¢, Phosphine sulphide 1 x 10 "M, N-oxide 2.5 % 10 "M, irradiated by H.P.Hg lamp for
24 hours in CHE13:HEDH (1:1 vfv).

The data. presented in tables 5.1 and 5.2 clearly shows
that the phosphine selenides (1-5) exhibit greater
reactivity towards the oxidising intermediate species,
generated in situ by the irradiation of the respective
N-oxides, than their analogous phosphine sulphides.
This has been invoked from the consideration of the
percentage product yields of the corresponding phosphine
oxides. However, the photochemical reaction between
the phosphine selenides (1-5) or phosphine sulphides
(6-10) and pyridine MN-oxide resulted in the oxidative

deselenation and desulphurisation, at the respective
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pentacovalent phosphorus centre, in good yields. In
the case of the selenides (1-5) B6-96% oxidations were
observed, while the sulphides (6-10) gave 83-93%

oxidation yields.

The reaction between 2-picoline HN-oxide and
phosphine selenides (1-5) gave almost complete oxidation
of all the selenides, similar to above, while the
sulphides (6-10) produced oxidation yields in much
lesser amounts i.e. 18-41%,. Similarly phosphine
selenides (1-5), in the presence of quinoline N-oxide,
resulted in the formation of the corresponding
phosphine oxides in high yields i.e. between 80-100%,

while its analogous sulphides (6-10) gave the much

reduced oxidations i.e. 3-29%, Furthermore, the
phosphine selenides (1-31}, in the presence of
7-hydroxy-3H-phenoxazine-3-one, showed greater

reactivity than the phosphine sulphides (6-8) although
selenides (4,5) showed the much less characteristic
yields of the sulphides i.e. 12 and 15% respectively.
Also phosphine sulphides (6-10) gave the expected

oxidation products in low yield i.e. 8-16%.

Phosphine selenides (1-5), in the presence of
p-cyano-N,N-dimethylaniline N-oxide, were observed to be

completely converted to their corresponding phosphoryl
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analogues i.e, 99-100% yields while the analogous
sulphides (6-10) gave the normally reduced oxidation
product yields in the range of 9-24%. Similar product
yields were also observed in the reaction of phosphine
selenides with 3-methylpyridazine 2-oxide. In these
oxygenation reactions almost complete oxidative
deselenation cccurred to form the corresponding
phosphine oxides in 98-100% vyields. However, the
oXygenation reactions of the phosphine sulphides were
observed to be lower than the selenides i.e. between

S5

,In the presence of 2.5 times molar excess of
2-phenylsulphonyl-3-(p-nitrophenyl) oxaziridine,
dissolved in dichloromethane, organophosphorus compounds
(1-10) of concentration 2 x 10"°M have been observed to
undergo oXidative deselenation or desulphurisation to
produce the corresponding oxidation products in 100%
yields within 5-8 minutes at room temperature, in the
absence of ultra-violet radiation. In the case of the
phosphine selenides elemental selenium was observed to
be precipitated in the reaction vessels, while elemental
sulphur was difficult to see in the sulphide reactions

since the experimental solutions were yellow.
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However, since selenium deposition was observed in the
selenide reactions it is not unreasconable to presume
that sulphur may also be precipitated during the
sulphide oxidations. Thus we can conclude that a
similar mechanism may be operating in both of these

reactions.

The nature of the active oxygenating species
generated on irradiation of hetervaromatic N-oxides is
not definitely establishe@; although it is now
generally assumed that the first stage in the reaction

15,24,30 Recently

is the formation of an oxaziridine.
Boyed and co-workers" have presented convincing evidence
that it is this oxaziridine itself which reacts directly
with sulphides. Hence it is entirely possibkle that
oxaziridine intermediate may be generated in the
photolysis reactions of rhosphine selenides and
phosphine sulphides with the N-oxides of pyridine,
2-picoline, quinoline and 7-hydroxy-3H-phenoxazine-3-one.
Since the reactions of the oxaziridines have been

thoroughly investigatedlﬁ’28’31

and inferred to proceed
by direct nucleophilic attack at the ring oxygen
(although some reaction at the nitrogen also occurs) the
following reaction mechanism scheme 5.11 is postulated.

The specific reaction of the phosphine selenides and

phosphine sulphides with guinoline MN-oxide is depicted
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below:

Scheme 5.11

Gl
e QR0 5
f X

’ !

(E)} 3
L (D) _J
i gr
- 3
2 Of 1: 08
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R = Ph,0Et 2 o’f#l 3
\\\X

w4
Il

Se,s3 ¢

2 0=PR, + 2X

The scheme 53.11 invelves the nucleophilic attack
of an organophosphorus compound on the ring oxygen of
intermediate species (A) to generate intermediates
(B,C), which can cyclise wvia the formation of P-C and
P-N bonds to give two new five membered rings (D,E)
which readily undergo rearrangement to produce the

phosphine oxides, elemental selenium (or sulphur) and



-159-

also the parent amines. The driving force of +this
reaction will be +the formation of the aromatic
heterocycle. Thus it may not be fortuitous that there
is less discrimination in the o¢xidation of phosphine
sulphides (6-10) when initiated by pyridine N-oxide

compared with the guinoline N-oxide.

Alternatively the heterocyclic HN-oxides may form
an intermediate (A) which has both nitrogen-oxygen and

phosphorus-oxygen bonds:

Scheme 5.12

.JEEEEEi_;? |;R hﬁ——————irﬂ'##T +
T i e
O

Ra (&) ©)

O=PR3 + x
E=Fh,0Et

X=5e,5

The nitrogen-oxygen bond cleavage may then proceed to
produce the parent amine and a three membered ring which
subseguently undergo rearrangement to generate the
respective oxidation products and elemental selenium (or

sulphur).
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Presumably this latter mechanism competes with the
oxaziridine mechanism (scheme 5.11). However, a
similar mechanism may be appropriate for explaining the
reactions of the N-oxides of p-cyano-N,N-dimethylaniline
and 3-methylpyridazine, which cannot rearrange to
generate the oxaziridine intermediate. The reactivity
of phosphine selenides (1-5) and sulphides (6-10), wvia a
mechanism involving oxaziridines (scheme 5.11), will be
determined by the nucleophilicity of selenium or sulphur
and ability of the alkyl groups (attached to the
phosphorus) to stabilise the development of a positive
charge on the phosphorus atom. In the case of the
direct reaction of the excited N-oxide with the
organcphosphorus compeound {scheme e ki) the
susceptibility of the phosphorus atom towards
nucleophilic attack may be important, but if a charge

o occurs the oxidation potentials of

transfer process
organophosphorus compounds {1-10} will assume

importance.

However, the ring nitrogens of the oxaziridines of
pyridine, 2-picoline, qﬁinoline and
7-hydroxy-3H-phenoxazine-3-one could have been attacked
by the organophosphorus compounds (1-10) to produce the

observed oxidation products:
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Scheme 5.13

s = =2
@By e 0 R |
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0 o ! ikl
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X + R;P = 0 4— :»cg(,;’ <——-~—>-§\’ +©

Ry (D)
(E)

X=5e,S5

R=Ph,0QEt

Attack of the organophosphorus compound on the
nitrogen of the oxaziridine (A) generates an intermediate
species (B) which may cyclise to give a strained five
membered species (C). Subsequent rearrangement of this
species would then produce a zwitterionic intermediate
(D) and the parent amine. Species (D) may then undergo
cyclisation (E) or direct conversion to give the desired

products.

Several authors have investigated the reactions of

oxaziridines with a wvariety of nucleophiles, such as

27-28 . 27,28

sulphides and phosphines. They proposed that

the initial attack occurs exclusively at  the ring
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nitrogen followed by subseguent fragmentation of the
oxaziridine ring rather than the nucleophilic opening,
as shown in scheme 5.13. In addition these authors
showed that the carbon atom of the oxaziridine ring was
completely inert +towards nucleophilic reagents, unlike

32,33 which are readily

the carbon atoms of epcoxides
attacked by nucleophiles to produce the corresponding

oxidised preoducts in relatively high yields.

However, the experimental results presented in
this chapter cannot distinguish between the mechanism of
fragmentation and the mechanism of nucleophilic opening

of the oxaziridine ring.

Recently, the photochemical reactions of
3-methylpyridazine 2-oxide with tri-p-substituted
triarylphosphine sulphides have been investigated and
reported to proceed via the intermediacy of an "cxene”

10 Evidence in favour of this intermediate was

species.
provided by the observation that the decomposition of
the N-oxide was independent of the nature and
concentration of the phosphine sulphides. Furthermore,
the photochemical decomposition of the N-oxide was
unperturbed by the presence or absence of an oxygen
acceptor. An oxene species has also been proposed by

Iwasaki and cD—WDrker53 in the photochemical reaction of

3-methylpyridazine 2-oxide with <cyclchexene, basedon
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the grounds that the presence or absence of cyclchexene

had no effect on the decomposition of the N-oxide.

These re-portsshll[I and a current publication

S5
suggest that the photochemical reactions of
3-methylpyridazine proceed via the intermediacy of
oXene species. Thus it is not unreasonable to
initially assume that the observed oxidative
deselenation and desulphurisation reactions occurred
involving the oxene intermediate. However, if this was
the case the highly reactive oxene intermediate would
not have discriminated between the phosphine selenides
(1-5) and phosphine sulphides (6-10), hence similar
orders of reactivity would have been observed. Since
the results presented in tables 5.1 and 5.2 clearly
indicate differing order of reactivity between the
phosphine selenides (1-5) and sulphides (6-10) it can be

concluded that the involvement of an oxene intermediate

in these oxygenation reactions is highly unlikely.

B Summary

Oxidative deselenation and desulphurisation

reactions have been successfully ' carried out by
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co-photooxidation of phosphine selenides (1-5) and
phosphine sulphides (6-10) with a variety of
heterocyclic N-oxides and

2-phenylsulphonyl-3-(p-nitrophenyl) oxaziridine in
either dry dichloromethane or dry chloroform:methanol
{l:1 v/v)} solwvent. However, from the results obtained
it is not possible to distinguish the precise nature of
the "active oxygenating species", although it could bé
presumed that +the reactions inveolving heterocyclic
N-oxides have oxaziridines as intermediates which cause

deselenation or desulphurisation reactions.
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CHAPTER 6

OXYGENATION OF PHOSPHINE SELENIDES AND

RELATED COMPOUNDS WITH

TETRABUTYLAMMONIUM PERIODATE [nBu NID41

4
CATALYSED BY MANGANESE III

MESOTETRAPHENYLPORPHYRIN CHLORIDE
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6.1 INTRODUCTION

Currently, the interest in gquosernary ammonium
salts as phase +transfer catalysts has 1led to the
development of a number of tetraalkylammonium periodate
compounds as selective oxidising agents towards a
variety of organic substrates. Thus,
tetra butylammonium periodate has been shown to oxidise

sulphidesl to sulphoxides in good yields:

Scheme 6.1
1 n 1
BN Eu4N164 . R“mh
B CHC13;reflux 5 ;//5 =
e R
LE P L] 8 25 3
R™=R“=CH.; R™=CH;-C H., R“=n-C Hg;
il 248 i
R _CHB_CE 51 E _CHE' E =R _CHE_CEHS
e Ay
R =R"= {CH2}4 -

Analogous oxidation reactions of sulphides have
been achieved by the use of agueous sodium

metaperiodate2 and recently3 with sodium metaperiodate
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adsorbed on acidic alumina and an excess of oxidant in

protic solvents.

While tetrabutylammonium periodate shows no
reactivity towards | Z-oxoglutaric acid,
==hydroxycarboxylic acids are readily decarboxylated to
their corresponding aldehydes, scheme 6.2. This
suggests that these decarboxylation reactions are

selective for «-hydroxycarboxylic acids.

Scheme 6.2
OH n 0]
i ] ]3\1.141~II'D"q 1
RCH— C —0OH > RCH + CG2+ HED
CHClE, reflux
R=n—C3H?, n~C4 g’ H_CEHE' n—C14H29

Tetrabutylammonium periodate also shows relatively
high reactivity towards arylacetic acid4 to afford the

corresponding ketones or aldehyde products, scheme 6.3.

2

For instance, diphenylacetic acid {Rl=R =C5H produces

5}
benzophenone in 85% yield, while p-chlorophenylacetic

acid {Rl=p—C1.CEH§R2=H] and p-methoxyphenylacetic acid

{RIZP“MEO-CEHg,R2=H} react with  tetrabutylammonium

periodate to afford the corresponding benzaldehydes in 65

and 70% yields respectively.
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Scheme 6.3
n Rl
1 Ba ,NIO
R— CH=COOH T > \\‘c = 0
Az dioxane, reflux Rg,f’
Alkaline solutions of sodiumhypochlorite5 have also

been shown to oxidise the arylacetic acids to affiord, in
this case, two oxidation products i.e. nor-aldehydes and
acids. The oxidation reactions of arylacetic acids by
tetrabutylammonium pericdate may be raticonalised by
hydroxylation of +the relatively activated methylene
group and subsequent oxidative cleavage of the so formed

Z2-hydroxy acid to generate the aldehyde or ketone

products:
Scheme 6.4
H CH Rl
] L . (O] NS
—C- ) e S B = — s S
iz 12 Rz’f
R R
m—ErcmoketDnEE,l like sulphides,
=-hydroxycarboxylic acids and arylacetic acids, are

readily oxidised by tetrabutylammonium periodate to

produce benzoic acid in goeod yields:
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Scheme 6.5

-

YD
1=
|
Zr
=

-CH_.Br

2 nBuqHID4
,-

X dioxane, reflux

X=H,Br

Single oxygen donors such as tetrabutylammonium

periadate,6 iodosobenzene?_lltPhIG},

L (ROOH), hydrogen peroxidel4

15-18

alkylhydroperoxides

{HEDEJ, sodiumhypochlorite (NaOCl) and activated

et are currently employed in conjunction with

N-oxides
metalloporphyrins to mimic the oxidation reactions of
cytochrome P-450, They thus provide some understanding
of the mechanisms involved in the action of cytochrome
P-450 monoxygenase or monoxygenases in general.

6,23,24 have recently carried

Ando and co-workers
cut the successful oxidation of vwvarious types of

sulphides with iron III mesotetraphenylporphyrin

chloride/tetrabutylammonium periodate, iron 1LILAE
mesotetraphenylporphyrin chloride/iodosobenzene and
manganese III mesotetraphenylporphyrin
chloride/iodosobenzene systems, in good yields. These

studies showed that sulphides which are normally
difficult to oxidise are easily converted to the

corresponding sulphoxides. In a particular case,
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diphenylsulphide in the absence of iron TTT
mesotetraphenylporphyrin chloride showed no reactivity
towards tetrabutylammonium periodate at room
temperature. However, in the presence of a trace

amount of iron III mesotetraphenylporphyrin chloride it

yielded 05% diphenylsulphoxide. This clearly
illustrates the importance of these porphyrin
oxidations. In addition it was suggested that the

"active oxidising intermediates", responsible for the

observed sulphide oxidations, were most likely to be
. v iv

porphyrin bound M =0 or M =—— 0, scheme 6.6.

Furthermore, while the formation of the oxo-metal is

faster with more electron rich p-MeO.C5H4ID, the

reactivity of the sulphides is quite complex for the

oxo-metal intermediate.

Scheme 6.6
Rl Hl
\\“s MIII(TPP)C1/PhIO 1 ““\5 B2
CHLCL 3% T
P 2772 R&/f
1
R ,R® = alkyl, aryl
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This efficiency of the catalyst is presumed to be a
function of the central metal atom, and is in favour of
iron III mesotetraphenylporphyrin chloride. Groves and

co-workers? have extended the use of this system to

epoxidise alkenes. The cis alkenes were found to be
more reactive than the trans alkenes. In a particular
case, cis-stilbene was epoxidised by iron ITT

mesotetraphenylporphyrin chleoride/iodosobenzene in 77%
yield, while the trans-stilbene was found to be
relatively unreactive under these conditions. This
selectivity was suggested to result from non-bonded
interactions between the phenyl groups of trans-stilbene
and the meso-phenyl groups of the porphyrin. Thus,
with the chlorodimethylferriprotoporphyrin [Fe(TMPCl)],
where the interactions between the porphyrin meso-groups
and phenyl groups of trans-stilbene a«ra dramatically
reduced, in the presence of iodosobenzene both cis- and
trans-stilbene gave the corresponding stilbene oxides.
However, this is in contrast to the epoxidation of cis-
and trans-stilbene by tris(acetylacetonato) iron
III/hydrogen peroxide, which has been reported to yield

the trans epoxide from both starting materials 2°

Such dramatic wvariations in selectivity with
changes in the substitution pattern of the porphyrin

suggest that oxygen transfer must take place at or very



close to the porphyrin, From these observations it has
been proposed that the approach of the double bond of
cis-stilbene to the iron-oxo intermediate is relatively
unhindered by phenylphenyl interactions between the
iron-oxo intermediate and the substrate. However, for
the trans-stilbene significant phenyl non-bonded
interactions apparently develop between the porphyrin
and trans-stilbene for any geometry except side-on
parallel approach to the porphyrin plane directly from

above (fig.6.1):

Fig.6.1

(\I Fe’ ) < Fa'v )
i nNCTE TN

The nature of the active iron-oxo intermediate has been

suggested to be either(%}v=0 or $L—~(E%IV=D once the

icdosobenzene has transferred its oxygen to the iron of
the porphyrin. These two intermediates have received a
great deal of attention in the past, particularly as

they relate to the pﬁtative oxidised intermediates of

26 21 Tn addition the

iron IV-porphyrin cation radical has been reportedzs to

peroxidase and cytochrome P-450.

afford analogous epoxidation reactions effectively.

Hence, a mechanism for alkene epoxidation was proposed:
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Scheme 6.7
OEL
..--""D""‘- I:I"""'--.
LI o L R I Vi | L
Fa 9 -———+ ( Fe )nan( Fe" ) +C HiT
H“T#, N N N
Cl LI CIRE
NS
R R

Serg

(N FEHD+ z)&(z — (”"J:'"‘)
i ”\[/”

ci

The apparent side-on approach is best explained as the
result of a sterecelectronic effect. The electronic
structures | expected for i2ron IV or diron ¥ in an
oxo-porphyrin complex will have two singly occupied dzxz
and dyz orbitals which overlap with the Px, and Py
orbitals of the oxygen to produce the resulting Fe-0

7 —antibonding orbitals. The maximum overlap between
these +r-antibonding orbitals and the w-orbitals of the
approaching alkene will be most likely to occur when the
angle of the alkene with the plane of the porphyrin ring
is small. Hence, through this interaction the oxygen

atom may be transferred to the alkene, although the
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precise mechanism for this transfer is unclear.

The epoxidations of alkenes have alsc been

29

studied using manganese III mesotetraphenylporphyrin

chloride MnIII

(TPPIC1 in the presence of icdoscbenzene.
It was reported that the oxidation of trans-stilbene
gave only trans-stilbene oxide while cis-stilbene gave a

1,.6:1 mixture of trans- and cis-epoxides respectively.

Similar results have been obtained with a
MnIIItTPP}IEPhIDRCEED system i.e. bl and
Mn®*¥ (TPP)C1/0X0° sl [where ox0 is
Z-phenylsulphonyl-3-(p-nitrophenyl) oxaziridine],
respectively. The proposed mechanism for these

observations is illustrated below:

Scheme 6.8
" B, Fh HqQ - Ph
ﬁfﬁ'\}‘Ph o .- Fh (i) D"'f o -1
an 5 &;i H s Hﬁiv Fh T
(&) ‘-
(Ehl Eil . 1
(3535
Fh Eh Fh H
LY , L [
H" ; ; H H‘; ; IPh
o 0

cis Trans
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19 than trans-stilbene since

Cis-stilbene reacts faster
there are little or no non-bended interactions between
the meso-phenyl groups of the porphyrin and the
cis-phenyl groups, to generate intermediate species (R).
This intermediate for oxirane formation changes its
stereochemistry by rotation about the central C-C bond
to produce the more stable trans-conformer (B). This
partially isomerises to regenerate species (A) before

ring closure occurs to give the stable trans-stilbene

oxide.

The expoxidation of alkenes has also been

reported by Smith and co-workers8

with the system iron
I11 mesotetraphenylporphyrin chloride/iodosobenzene.
It was shown that the oxidations exhibited syn
stereospecificity and the reactivities of the
cls-alkenes were greater than for their trans-isomers.
This reactivity order has been explained earlier and is
consistent with several epoxidation reports.?'lg'29'3l'32
The authcrs proposed that +the epoxidation reactions
occurred via a concerted process, similar to those of

34

peracids33 and molybdenum-t-butylhydroperoxide, rather

than by radical mechanisms.29'35

Furthermore, the possibility
of an analogous intermediate to that of species (A), in
scheme 6.8, canncoct be altogether ruled out. However,

it has been presumed that if such a species does exist

it is highly probable that it is short-lived and thus



ShipD=

unable teo undergo C-C rotation prior to ring closure:

Scheme 6.9
H\M e 0 3ﬁk ? H\\ /;\\,/ﬁ
~1V P
c=C +  Fe'y —> Q%= C—R|—3 C—C
S
e R RE R g
L 0
+ Felll
Fely
(el cl
L% =l

The epoxidation reactions, with iodosoaromatics
are not practical because of their polymeric nature,35
insolubility in organic solvents and the oxidative
destruction of the porphyrin ring which occurs in the

= Recently20

absence of saturated hydrocarbons.
detailed kinetic investigations have been reported using
N-oxides since they are soluble in most organic solvents
and appear to leave the porphyrin intact in the absence
of added alkenes. MN,HN-dimethylaniline N-oxide
{DMENDJST has been shown to epoxidise
2,3-dimethyl-2-butene 'in the presence of iron III
mesotetraphenylporphyrin chloride, although the yield of
epoxide is low. This was probdbly due to a result of
N,N-dimethylaniline (DMA) competing with the alkene for

the active oxXygen species, scheme 6.10, to generate

N-methylaniline (NMA).
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Scheme 6.10

i
+ =
CEHE—-T-—G + reril(TPP)Ccl—> o0 —FeV(TPR)CL

CH3

{ DMANO}

S
TIT
Fe BRI H_+ H.C=0
5t Hy
+
reltl(pR)C1

The above reaction scheme 6.10 implies that the yield of
epoxidation may be increased by reducing the reactivity
of WN,N-dimethylaniline MN-oxide, while increasing the
rate of monoxygen transfer from the N,N-dimethylaniline
N-oxide, towards the Fev—ﬂ moiety. It has been
suggestedzﬂ that this could be achieved by substitution
of an electron withdrawing group (p-CN) on the phenyl
ring of N,N-dimethylaniline N-oxide. Thus the results
showed that in the presence of
p-cyanc-N,N-dimethylaniline N-oxide/iron I1T
mesoctetraphenylporphyrin chloride and

2,3-dimethyl-2-butene the epoxide was produced in 90%
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vield. In addition it was also observed, as expected,
that the yield dealkylation of
p-cyano-N,N-dimethylaniline to p-cyano-N-methylaniline
decreased in the presence of alkene. Bruice and
co-workers?? have recently investigated the mechanism
for the epoxidation of cyclohexene with
p-cyano-N,N-dimethylaniline N-oxide

ITT

{ p-CNDMANO) /Mn (TPP)X (where x=ligand):

Scheme £6.11

0
CHz— N'™—CH, iy /,CHB XFH3 A
T e o
L n (TREA NS N H
ThCN =
cN N N
(p-CNDMANO) (p-CNDMA) (p-CNNMA)

0= (4] S 13 T T ) ]

It was observed that three majcr products were
produced; p-cyano-N,N-dimethylaniline (p-CNDMA) ,
p-cyano-N-methylaniline (p-CNNMA) and cyclohexene
epoxide with the addition of cyclohexene-3-0l as the
minor product. Furthermore, no p-cyancaniline was

produced. Reaction kinetics suggested that the

OH
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demethylation of p-cyano-N,N-dimethylaniline N-oxide
occurs within the complex (&), in scheme 6.12 reaction
{i), and not in a bimolecular reaction of the separate
entities p-CNDMA and O=Mn(TPP)X formed after oxvgen

transfer and diffusion apart, rection (ii).

Echeme 6.12

0
AL
Mn (TR PN A
p-CN-C_H,N{Me) , > [p-CN-CH,N(Me), O=Mn(TPPR)X]
(a)
(A (528}
Diffusion
apart H
1
p-CN-C H, N(Me,) % p-CN-C_H,NMe
+ +
O=Mn (TPP)X H,C=

+
@ MnT*® (TPP)X
mnII(TPR)X 4 O:c}
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6.2 Eesults and Discussion

The above literature survey indicates that
compounds which are usually difficult to oxidise e.q.
p-substituted diphenylsulphides and in particular
terminal alkenes, have been easily converted to their
oxidised forms in the presence of a variety of monoxygen
donors and a metallo-porphyrin. The detailed mechanism
of the oxygen transfer is not yet £fully understocd
although the generation of higher wvalent,
oxo-metal intermediates (M'=0 or Miv=o} = now
generally accepted to be the "active oxidising
intermediate species" responsible for these oxidations.
Furthermore, manganese ion has been a reascnable
substitute38for the iron in model studies of cytochrome
E-450. Subsegquently, it has been shown that treatment

Lt mesotetraphenylporphyrin chloride with

of manganese
iodosobenzene gave pentavalent oXomanganese

tetraphenylporphyrin chloride D=an(TPP}Cl, a species

which has been shown to be a powerful oxidant.29

In the present study manganese IIT
mesotetraphenylporphyrin chloride [MnIII{TPP}CI] and
manganese JLILIE mesotetral(2,6-dichlorophenylporphyrin)

ITT

chloride [Mn (TDC1PP)Cl] were used in the presence of

tetrabutylammonium periodate tnEu4N104} to afford the

22 S a0
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oXygenation reactions of the 1least reactive phosphine

selenides. These results are presented in table 6.1.

The data shown in table 6.1 indicate that
diethyl phenylphosphonoselenoic acid {1l) is more
reactive towards oxidative deselenation than its
analogous triethyl phosphoroselenoic acid (21 and
trimethyl phosphoroselencic acid (3), which both showed
similar reactivity. Tetrabutylammonium periodate has
been found to be an efficient oxidising agent towards
these phosphine selenides producing 75, 40 and 43%
yields of the corresponding phosphine oxides
respectively. In addition it was observed that the
efficiency of the deselenation reactions increased, on
the addition of manganese III mesotetraphenylporphyrin
chloride to the pericdate reaction mixtures, to afford
92, 59 and 64% yields of the corresponding respective

phosphine oxides.

Similarly Ando and co—workersﬁ have reported that
sulphides which are normally inactive towards oxidising
agents have been easily converted to their sulphoxides
by the addition of a catalytic amount of iron III
mescotetraphenylporphyrin chloride. In particular
diphenylsulphide, as mentioned earlier, showed hardly
any reactivity towards the tetrabutylammonium periocdate

a4t room temperature.
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Table 6.1 Oxidative® deselenation at phosphorus, induced by
nBu NIG, /Mn(TPP)CT or Mn{TDCIPP)CT catalyst.
b b

Reagentb Compound Yield of oxidation (%)
:::4:i24 PhPSe(0EL), (1) 75
371
+ " 92
e
dosid
+
Mn(TPP)CI ] 100
+
imigazole
:EH4N104 (E0) PSe (29) 40
Bu,N10,
+ L 59
Mn(TPP)CT
nBuaNIﬂq
+
Mn(TPP)CI g 100
+
imidazole
nBu4N104
+ " 43
Mn(TDC 1PP)C1
"Euqumq
+
Mn(TDC1PP)C] n 16

+

imidazole
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Table 6.1 contd.

n
Buqﬂlﬂ

4 4
u
B QHIDd

+ u 654

[MED]3PSE (3} 37

Mn(TPP}C1
m
BudNIﬂ4
4

Mn(TPP)C 1 " 100
+
imidazole
”Bu4n1nq
+ " 35
Ma(TDC1PP)C1

n
BU4N1U4

+

Mn{TDC1PP)CY " 12

+

imidazole

a, Phosphine selenides 1.5 x IOHEH, stirred for 24 hours at 25°C in CHC13~

b, nBuﬂﬂiDq{Eeq}, Mn(TPP)C1(0.02eq), Mn{TOC1PP}C1(0.02eq) and imidazole (leq).
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However, the addition of iron III
mesotetraphenylporphyrin chloride to this periodate
reaction mixture resulted in the formation of the
corresponding sulphoxide in 95% yield.

ZFil pave currently expleoited this

Several authors
important catalytic property of the porphyrins, to

induce reactivity into the generally inert compounds

such as alkanes>’ and terminal alkenes. 3r18:19,38-41
Cycluhexane29 has been oxidised with manganese III
mesotetraphenylporphyrin chloride/iodosobenzene, 17

dichloromethane, to give 2.5:1 mixture of cyclohexanol
and cyclohexyl chloride in a combined yield of 70%,
based on icdoschenzene. Similarly cyclohexenezz has
been converted into cyclohexene oxide plus trace
guantities of cyclchex-2-enol and Z2-enone with manganese

IITI mesotetraphenylporphyrin chloride catalyst using

p-cyano-N,N-dimethylaniline N-oxide as an oxygen source.

The addition of imidazole to +the ©phosphine
selenides (1-3)/periocdate/manganese II1
mesotetraphenylporphyrin chloride mixture resulted in
the complete oxidation of the three phosphine selenides.

1 ; ; ; ! ;
3 in the oxidation reactions of wvarious alkenes

Recently
similar behaviour of imidazeole was encountered. For

example, 2-methylhept-2-ene with cumylhydroperoxide
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{PhCMeEDDH] catalysed by manganese LTI
mesotetraphenylporphyrin chloride/imidazole gave
Z2-methylhept-2-ene oxide in 41% yield. However in the

absence of imidazole, but presence of manganese III
mesotetraphenylporphyrin chloride, <1% of the oxidised
product was produced. Also the oxidation of
cyclohexene with cumylhydroperoxide/manganese III
mesotetraphenylporphyrin chloride/imidazole produced
cyclohexene oxide as a major product, in 27% yield. In
the absence of imidazole <1% of oxide was produced.
These results suggest that the imidazole most probably
ligates or binds to the central manganese ion, which has
been shown to be present in the higher oxidation state
of ¥ thus improving the oxygen transfer from the oxo-Mn

moiety to the substrates.

The addition of hindered
mesotetra(2,6-dichlorophenyl)porphyrin [MnIII{TDClPP]Cl]

to the phosphine selenides (2,3)/periocdate reaction

mixture, in contrast to mesotetraphenylporphyrin
[MnIII{TPP}Cll, showed no further increase in the
oxidative product yields of the selenides. This 1is

presumably because the periodate molecule's approach to
the central manganese ion may be hindered and thus the

"active 0X0-Mn intermediate"
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species, which is responsible for oxidative
deselenaticons, may not be formed. The hindrance can be
visualised as occurring through non-bonding interactions
which apparently develop between one of the bulky
chlorine atoms, protruding out of the horizontal surface
plane and away from the axial ligated chlorine atom, and
the periodate molecule as it approaches closer to the
central manganese ion. Hence as a result of these
steric effects the periodate and the central manganese
icn are not in close proximity for the oxygen transfer
mechanism to occur. Thus no O=Mn'(TPP)Cl is formed.
The "free" periodate, as anticipated, would then react
with the phosphine selenides as if the porphyrin was
absent from the reaction mixture. Indeed, this seems
to be the case in the deselenation reactions.
Alternatively, these results may be rationalised by
postulating that the periodate, with some difficulty,
has been able to generate the active intermediate MnY=0.
However, the approach of the phosphine selenide molecule
to this activated species is somewhat inhibited by
similar steric factors to those discussed above.
Nevertheless, partial oxygen transfer may occur to

produce the phosphine oxides in low yields.

The addition of imidazole to phosphine selenides

{52131} / periodate / manganese 11T mesotetra
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(2,6-dichlorophenylporphyrin) chloride mixture,
unexpectedly, resulted in a dramatic reduction in the
efficiency of the oxidative deselenation reactions.
Oxidation products of 16 and 12% yields were produced
from phosphine selenides (2) and (3) respectively.
These observations suggest that the imidazole has the
effect of reducing the reactivity of the periodate in
these reactions, most 1likely by acting as a substrate
towards the periodate and in sc¢ doing being itself

oxidised.

The precise mechanism of oxygen transfer from the
manganese ion to the P=Se double bond, in these
oxidative deselenation reactions, is neot clear although
two reasonable geometries for the approach of a P=Se

bond to the Mn-0X0 group are depicted in scheme 6.13.

The inconclusion of intermediate (B) implies that
the phosphine selenide molecule may approach the Mn"=0
moiety, of the activated intermediate species (R), at an
angle of 90° to the horizontal plane of the porphyrin.
However, in the case of the hindered
mesotetra(2,6-dichlorophenyl)porphyrin, where the two
chlorines are attached at ortho-positions to one of the
four phenyl groups present at the surface plane, it is

highly probable that such a geometry will develop large
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non-bonding interactions between the bulky surface
groups of the porphyrin and the substituents of the P=Se
bond as it approcaches the wvicinity of the MnY=0 moiety.
s a result of these interactions the phosphine selenide
molecule is unable to get close to the MnV=0 for the
oxygen transfer mechanism to operate efficiently between

these entities.

although the manganese III
mesotetraphenylporphyrin chloride is relatively
unhindered, in comparison, to manganese IIT
mesotetra(2,6-dichlorophenylporphyrin) chloride, similar
steric effects may develop on the approach o¢f the
phosphine selenide molecule. However, these would
cbviously be small in magnitude but nevertheless large
enough to disfavour this geometry. Alternatively,
these steric effects may be reduced if the P=5Se moiety
is presumed to approach the Mn'=0 intermediate from the
side and parallel toc the surface plane of the porphyrin,
as shown by intermediate (C}. Such a geometry would
probably produce negligible interactions between the
approaching P=Se moliety and the surface groups of both
the hindered and wunhindered peorphyrins. Hence we
conclude that in the oxidative deselenation reactions
the P=Se bond is most likely to adopt this geometry to

eventually produce the phosphine oxides either wvia



-194-

intermediate (D), regenerating the original porphyrin or
via the strained tricyclic intermediate (E) which

readily rearranges to produce the desired products.

The results c¢btained in the oxidative deselenation
reactions do not allow us to distinguish between these
two mechanistic routes. However, it is likely that
these reactions may be occurring by the reaction path

(b) rather than path (a) as depicted in scheme 6.13.

B3 ' Summary

Chemical oxidation of phosphine selenides (1-3)
has been achieved by the use of a potent monoxygen
transfer agent, tetrabutylammonium periecdate. In
addition tetrabutylammonium periocdate employed in
conjunction with manganese III mesotetraphenylporphyrin
chloride has been found to lead to an increase in yield
of the corresponding phosphine oxides. Furthermore,
the efficiency of these deselenation reactions has been
further increased by the addition of imidazole to the
reaction mixtures. However, tetrabutylammenium
periodate in the presence of a hindered

mesotetra(2,6-dichlorophenyl) porphyrin
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[MnIII{TDClPP]CI] showed no increase in the percentage

Also the addition of imidazole to

product yields.
these reaction mixtures had the effect of dramatically

reducing the product yields.
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CHAPTER 7

CHEMICAL OXIDATIVE DESELENATION OF

SELENOFHOSPHORUS COMPOUNDS
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el INTRODUCTION

There are a number of readily available
conventional oxidising reagents which have the potential
to bring about oxidative deselenation of
selenophosphorus compounds. Details of their reactions
with other substrates and the mechanisms involved are

menticned below.

7.la m-Chloroperbenzoic acid (m-C1C.H,CO,H) . This

has been successfully employed to effect oxidations of

=l In particular, it has been

variouns substrates.
shown to be an extremely efficient oxidising agent in
the desulphurisation of the P=5S mciety.8 Furthermore,
the reaction was observed to occur rapidly with almost
complete retention of configuration. However, the
addition of trifluorcacetic acid {CF3CDEH}, a stronger

acid than m-chloroperbenzoic acid, results in inversion

of confiquration at the phosphorus, scheme 7.1
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Scheme 7.1
O\\\
0 ArCoO_H P=0
el 3 -
k=5 > =
pK’ ﬂ e
Me Me
Er=m-C1C6H4
ArCOaH D\\H
XKP=0
CF3C02H[G.G?M} Mé
Ph

The retention of stereochemistry may be wvisualised by
analogy with the oxidation of thiocarbonyl groups to

]

sulphines. The analogous S-oxide zwitterion, a
plausible intermediate species, closes to generate a
three-membered ring which subsequently undergoes

rearrangement to lose elemental sulphur and thus retain

the configuration at the phosphorus;

Scheme 7.2
0 0 ;
L, 0 0
e \ﬁ—ﬁ Ph | Npoo + s
Ph’j ) () “ct <> P—5 ?-!;J
Me Me /’f Ph

=

iV

o
=
(i)
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Alternatively, the inversion reaction may be
rationalised as occurring by nucleophilic attack of
m-chloroperbenzoic acid on the protonated D—m%&hyl
methylphenylphosphinothionate, followed by
pseudorotation of the pentacoordinate intermediate with
accompanying cyclisation and rearrangement reactions to

eventually generate the inversion product;

Scheme 7.3

) H* R %:% Accosi, R~ ?H
> "'*-.P-——Q_l —._% 3 MP__,Q!

R 2 R, ) Ry ooc Ac
o
0 -t
E - ﬂrﬁg‘
i o
Elﬂéﬂl‘\\\ﬁl fokakion
1 J
?I 0 R,
R. e Sy
Accod + S+ SRS % ”“*[ID—S

RI: -.-D*(‘I;j E} ﬂ.‘._:N\Q_ ; R__?,: PL“-

Oxidation of the analogous O-methyl

t-butylphenylphosphinothic}nate,lﬂ to its corresponding
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phosphoryl oxide, has also been investigated using
m-chloroperbenzoic acid. The reacticon showed retention
of configuration, thus implying <that the oxidative

desulphurisation occurs in a manner similar to that

reported previcusly in scheme 7.2.

Recently,ll’l2 m-chloroperbenzoic acid oxidations
have also been reported for a number of
phosphorothiolates;

Scheme 7.4
m-ClCEH4C93H
R.R.P(O)SE >
1R5 3 7 RlePlG}GS{02}R3+R1R2P{D]DPEO}R1R
+ RleP[O}DC{0)C6H4C1—m+RlR2P[O}OH
+ HDS{DE}R3
R,=R,=0CH,, R3=CH3
Rl=R2=DEt, R3=CH{CH3}2
R1=R2=DEt, R3=CH20{C1}=CH2
Rl=DCH3, R2=NH2, R3=CH3

The formation of phosphinyloxysulphonates, the major

11,12

product, has been reported to occur by

rearrangement of the initially formed

phosphinyloxysulphonate (&) followed by subsequent

13,14

oxidations. Alternatively, the compound (&) may

2
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oxidise to generate phosphinylsulphinate (C) and then
insertion of oxygen into the P-S bond or oxidation of
the PIII anhydride (D), which is believed to exist in
equilibrium with the sulphinate, produces the desired

product (E);

Scheme 7.5

P D H_ 9,/ g_&- RAREL R

\}\!I_!,..S—RE \L\ﬁéi 4 1\!5! : {\

it e mofx——-],L—l»/

R2 Q R2 O R2 2
(n) ' = (B)

(0]

E{jpl—islr—ﬁ — EJ\'E’—O—-ﬁ—R

e P |S| 3

R) 0 2o .
(C) (D)

m-Chloroperbenzoic acid has been successfully
employed as a specific oxidising agent in the oxidation
reactions of wvarious alkyl phenyl selenidaslS

/1
their corresponding alkyl ethers, aldehydes or ketones:

to yield
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Scheme 7.6

MeQH

= >
m-CIC H,CO,H

R—5e—Fh ROMe

Preocduct formation has been rationalised as occurring via
nuclecphilic attack of methanol on the active alkyl
phenyl selenone or its m-chloroperbenzeoic acid addition

products, followed by heterolytic C-Se bond cleavage;

Scheme 7.7 ﬁ
e
ATCO, i ﬁ Arco,n ﬁ) /‘A’rﬁ':g'\— OH\%eDH
RSePh =—————% RSePh —————3 R-SePh >~ ROMe
Al MeOH
o] e0H
\\&iiiiz (situ)
h\\\\\\\ G
1l
R—'\?\SEPh
Arﬁk* OH
ﬂr=m-—ClCEH4 8]

Evidence for the formation of the selenone has been

provided by Sharpless and co-workers*® in the oxidation

of dodecylphenyl selenide with hydrogen
peroxide/triflurcacetic acid, and by Kuwajima and
17

co-workers in the oxidation of a vinylic selenide with

m-chloroperbenzoic acid.
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7.1b Tetrabutylammonium pericdate inBuéNIOﬂj_ has been

reported to be a mild selective monoxygen donor, similar

to m-chloroperbenzeoic acid, towards a variety of

Le a-hydroxycarboxylic acid,l8 arylacetic

and u—bromoket(}nes.l8 In addition

sulphides,
acidslg
tetrabutylammonium periodate has recently been used in
conjunction with metalloporphyrins, wunder neutral and
homogenous conditions, to effect the oxidation of
relatively unreactive dialkylsulphides-zq The

oxidative mechanisms for the above substrates have been

discussed previously in chapter 6.

7.1c. Iodosobenzene (PhIO) has been extensively used

with metalloporphyrins in the presence of sulphideszl*22
and alkene523_25 to produce the corresponding
sulphoxides and epoxides in good yields. The "active

oxidising intermediate" responsible for these oxidations

23-28 iy be a porphyrin bound metal’-0X0 or

was proposed
metallv—GXG moiety, which readily transfers its oxygen
to the sulphides or alkenes as they approach its
vicinity. The steric factors involved in these

reactions, particularly with the alkenes have been

discussed in detail in chapter 6.
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7.1d. Potassium superoxide {KDzl: since the discovery
of the enzyme superoxide dismutase,z? considerable
attention has been paid to the chemistry of potassium
superoxide. A major effort has been ‘directed to "in

situ" generation and reactions of this species in

28

agueous media. The observation by Valentine and

2 that potassium superoxide can be dissolved

Curtis
appreciably in  aprotic solvents by complexation with
crown ethers, has further promoted the use of this

reagent.30'33

The reaction of potassium superoxide in the

a4

presence of 18-crown-6 ether, with chalcones~" has been

shown to produce carboxylic acids efficiently;

Scheme 7.8

R —@-C{D]CH =CE©R W}- R-@-C{O}DH + R@C[G}OH
676
+ R3<:::}CH2c{oan
(minor product)

R1=CH3, RZ=H; Rl=DCH3, R?=H; RY'=c1, R2=gH

rl=pr, R2=CH3; rl=g, rR?=C1

The authors suggested that oxygen was not incorporated

inte the products by direct nuclecophilic attack of a
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superoxide anion {D;}, but probably the reaction
proceeded by initial electron transfer from superoxide
anion to the enone system of the substrate. The
resulting radical anion (A) reacts in turn with the
surrounding molecular oxygen to generate intermediate
(B) which undergoes bond cleavage to generate two
species (C,D) which eventually produce the appropriate

carboxylic acids wvia the steps illustrated in scheme

7 59,
Scheme 7.9
0 W5 (i)
I I 0 I :
r1C-cH=cH-R? + OF 1 =CHRZ— 22 1 2
F - = - 2—3" R 'l_:—f'.H—C.HR — % RTC-CH-CHER
(a) (B)
2 = g SFHEGE 9 l il
R“CH,C00 ¢— R“CH,CHO ¢——— R“CHCHO + R clo
. |
(C}) o WD
ol O
Dt g o et 2
R“CO0 ¢— R“CHO ¢— R CH-(]:H
—0

Similar initiation steps have also been suggested for
the oxidation of 3,5-di-t-butylcatechol with potassium

superoxide.3*5

Oxidation of diphenylcyclopropenone36 with
potassium superoxide, in the presence of 18-crown-6

ether, has recently been shown to produce benzil;



| [

Scheme 7.10

Fh

The product formation has been proposed to occur via
initial electron transfer from potassium superoxide
anion to the substrate thus generating the radical anion
(&), pathway (a), which is known to form benzil in the
presence of oxygen.3T Alternatively, a mechanism which

does not inveolve electron transfer as the first step has

been suggested,EE pathway (b), of scheme 7.11.

Scheme 7.11

Ph
O=C Ph
FPh C—0"
By T LW RN /u\f
Ph path (b)* 0 Ph
{insertion) {e “transfer)
Fh
K02
{insertion)
path (a) 05
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N0 i -
phe—cen€ 3= en I %28
3 o~
{A) Ph
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The preliminary step involved in this mechanism is the
insertion of an oxygen molecule between the C(l) - C(2)
bond, probably wvia nucleophiliec attack of potassium
superoxide anion, to generate an intermediate radical
species (B}. Electron transfer from the superoxide
anion species occurs readily to produce intermediate
radical (C) which behaves in an analogous manner to that
of diphenylcyclopropenone towards potassium superoxide.
Thus incorporation of oxygen at the double bond occurs
to give intermediate {D} which subsequently

decarboxylates to yield the desired product.

However, benzil®! and analogous compounds have
been shown to undergo facile oxidative cleavage to
produce benzoic acid and the respective carboxylic acids
in fair to excellent yields, in the presence of an

inorganic acid, with potassium superoxide;

Scheme 7.12

G o
! s 2
R4k, go —L8-crown-6, benzenes poy i 4 glco n
2 ¥ 2 2

H.O
3

and

RCHCR'

R1=OH,OR,alkyl,ary1

X=0H,Cl,Br
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The reacticons of ortho- and

38

para-phenylenediamines with potassium superoxide have

been reported to yield azo derivates;

Scheme 7.13

NH NH

C DE N=N
—_— —
Toluene

R R R R

R=NH2 or OH

These reactions have been interpreted in terms of
initial hydrogen abstraction by potassium superoxide
anion from the substrate to generate a radical
intermediate which subsequently reacts further, by a
mechanism at present unknown, to produce the observed
products. In addition meta-phenylenediamine and

meta-aminophenol showed no reactivity towards  the

potassium superoxide agent. Presumably significant
conjugation between the two substituents {NH2 and R) may
be required for oxidation.

Recently, the formation of an analogous
azoderivative (l1-hydroxy-2,2'-azonaphthalene (A)) has
been observed in addition to compounds (B) and (C), in

=)

the oxidation reaction of g-naphthylamine;
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Scheme 7.14 @0
; | “\N=N

MH NH i
’xo, OG OH OH, ()
? M
Toluene -
iil'\. l]li’
N

Product formation, as outlined earlier, may be
visualised as occurring by initial abstraction of a
hydrogen atom +to generate an intermediate with two
resonance structures which undergo radical C-N or N-N
coupling to yield the observed products. However, the
formation of the azoderivative (A) strongly indicates
the participation of the hydroxyl radical [éﬂ] in the
superoxide reaction. Although it is not certain how
hydroxyl radical arises in the reaction, a concerted two
hydrogen abstraction from the amine could produce the
hydroxyl radical moiety, as has been claimed by Nanni

40

and Sawyer;

Scheme 7.15

05 g .
Pl ————— > (@ R Ak
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7.le. Peroxides readily undergo cleavage of their 0-0

42-46

bonds, in the presence of alkenes and

sulphides,QT_El

to produce the corresponding epoxides
and sulphoxides respectively. In particular, the
trialkyl and triaryl phosphines and phosphites have been
shown to be easily oxidised to their corresponding

phosphine Dxide552_59 by alkylhydroperoxides;

Scheme 7.16

RBP + HDOR]' w———— R3P=O + RlDH

R=Ar ,0Ax ,R,OR

These oxidation reactions were initially presumed to
occur by nucleophilic attack of the phosphorus on the
oxygen attached to the Rl-groupj thereby generating an
ion pair intermediate,52 fig.7.1, which subsequently

collapses to give the observed products.

Fig.d.k
RO
RO—— P—OR'0H
RO
I =]
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For this mechanism to be wvalid the ion pair should
easily undergo exchange with the hydroxyl ion in an
agueous solvent. However, the oxidation of
triphenylphosphine by ' cumenehydroperoxide53 in
methanolfwaterlB produced no oxygen-18 enrichment in the
reaction products (triphenylphosphine oxide and cumyl
alcohol). Complete retention of configuration has been
shown in the oxidation of triphenylphosphine with

60 These

optically active 1l-phenylethylhydroperoxide.
results suggest that a different ion pair to that shown
in fig.7.1 must be involved, and the structure shown in

fig.72 was proposed.

Blgiid o2

RG\\
RD7?5-—- O-—HH\(\E}]‘R
RO

Ion pair formation can be visualised as occurring by
nucleophilic attack at the hydroxyl oxygen atom of the
peroxides, followed by subsequent splitting of a proton
to yield the observed products. It is not altogether
clear why the attack of phosphorus is at this oxygen,
although E.untc-néjl and Daviesq? ascribe this to its lower

6l

electron density, while Edwards attributes it to less

steric hindrance.
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Alternatively the formation of phosphine oxides
has also been interpreted as occurring via involvement

62a intermediate, in the

of a penta .co-ordinate phosphorus
oxidation reactions of a +trisubstituted phosphine or

phosphite with diphenyl disulphide in methanol;

Scheme 7.17

G? Mé_j
/ﬂ 8 —Ph MeOH
R4 b. —3 R,P—sPh 2K, + PhSH
Ss=tl s”ph ID
R = Ph,0OMe
E %&Meﬁﬁ\-
S S SpPh
MeSEhisls R ==ttpoauy o = /J—R
R/ =3
Pobedimskii and Buchachenkoﬁzb have also

investigated the oxidation reactions of trisubstituted
phosphines and phosphites, by hydroperoxides. They
suggested that a radical mechanism was operating in
these reactions, probably with the transfer of an
electron from the phosphite to hydroperoxide to form an
ion-radical complex which may be converted readily into
a radical pair, in neutral media. This is followed
largely by disproportionation as illustrated in scheme

7.18.
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Scheme 7.18

RO RO
) H \ﬁ. S e
RD7P: + RT0O0H » RO / ————— HOOR
RO RO
RO

RO——P=0 + HOR™«

s \\~ ' 1
/

RO

] p—

radical pair

54

However, Kharasch and co-workers have studied

the oxidation of triethylphosphite with hydroperoxides
and reported that the oxidation of the phosphite was
unaffected by the addition of : trinitrobenzene,52
inhibitor of homolytic reactions, to the reaction
mixtures. This provided strong evidence in favour of
an ionic mechanism. Also, an extensive kinetic study
of the reaction of triphenylphosphine with

63

butvlhydroperoxides has now shown this reaction to be

almost certainly non-radical. Moreover, it has bkeen

shown by Denny and Jones®?

that certain phosphites
reduce non-tertiary dialkylperoxides to ethers cleanly,

in what appears to be a non-radical reaction.
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Acylperoxides react with phosphines, in an
analogous manner to hydroperoxides, to produce phosphine

oxides and the corresponding anhydrides.

Triphenylphosphine reacts with benzoylperaxide,ﬁS in

petroleum ether, at room temperature, to exclusively

yield phosphine oxide and benzoic anhydride;
Scheme 7.19

0
[tz Lot
H3P + PhC~Q=0=CPH —» R3P=U + PhC-0-CFh
The authors suggested an ionic mechanism for the above
reaction. Phosphines which possess a strong affinity
for oxygen and have a large dipole moment, react with

benzoylperoxide bimolecularly to form a primary

intermediate (A). The 0O-0 bond is then polarised by
the unshared pair of electrons in the phosphine. A
tetrasubstituted phosphonium salt, existing in all
probability as an ion pair, is formed. The benzoate

ion presumably attacks the carbonyl carbon of the salt
to yield the observed products. The evidence for this
mechanism has been provided by the reaction of
triphenylphosphine with benzoylperoxide, labelled with

ISO in the carbonyl groups;ﬁﬁ*ﬁT
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Scheme 7.20

s o y o
Ph,P + ph  Ncph —3 |phe? ph v
\ﬁ
0= O-—-§{Ph3} o
()
e o
Phc? XPh + 0=P(Ph) ,
hE =
e
18
-] labelled oxvgen

] half of the original label

18

All of the "0 was found in the anhydride, and none in

the triphenylphosphine oxide. Furthermore, close
examination o¢of the oxygens in the anhydride showed that
only one oxygen atom was always labelled; the others had

18

a 50% chance of being substituted by 0 oxygen from the

starting material. These results confirm the formation
of the ion pair intermediates, proposed by Walling and

Rabinowitz.52
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Hid Fesults and Discussion

The oxidative deselenation of compounds containing
P=5e bonds to yield the corresponding phosphine oxides
could be of considerable importance since the analogous
conversion (P=S to P=0) has been used as a model for the
study of the hepatic oxidase system, which is
responsible for the metabolic hydroxylation of aromatic

73-175 and for the metabolic activation of

76

substrates,

phosphine sulphides.

The oxygen source used for the deselenation

reactions has been provided by a number of conventional

oxidising reagents, which are surveyed in the
literature. Their ease of availability and solubility
have enabled successful usage. Furthermore, in the

absence of these oxidising reagents, the phosphine
selenides showed susceptibility towards ocxidative
deselenation reactions during ultrasonic excitation.

These results are illustrated in table 7.1
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Table 7.1 Dxygenation reactions of phosphine 5e1enfdesa{1-51 in chleroform.
Oxidising Mol.equ. (%) oxidation of organophosphorus selenides
2gei PhoPSe  Ph.PSe(0Et) PhPSe(GEt), (Et0)PSe (Me0),PSe
(1) (2) (3) (4) (5)
m-C]C6H4E03Hh 2 100 100 100 100 100
nEuqﬁlﬂq 2 100 9z 75 40 37
4 - 100 96 66 &4
EEHSIDE 2 100 100 ag h] 100
RUEI 2 B5 54 48 36 29
(18-C-6)° i 93 89 80 65 60
Sonication - 18 10 10 8 7

a, Selenide 3.0 x IG'EM, stirred at room temperature for 24 hrs, red selenium
precipitated in solution after reaction time,

b, Reaction time 20mins, precipitation of red selenium seen.

c, Reaction time lOmins, almost immediate precipitation of red selenium.

d, 1,4,7,10,13,16-hexaoxacyclooctadecane.

The data presented in table Pl reveal that
m-chloroperbenzoic acid is an extremely efficient
oxidising agent towards oxidative deselenation
reactions. All the phosphine selenides were observed
to be completely oxidised to their corresponding
phosphine oxides. These oxidations were accompanied by
precipitation of selenium from the reaction mixtures.
The proposed mechanism for these observed oxygenations

is shown below:
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Scheme 7.21

phe

H
D/ e S e L e R s et

(L? j 7 tC}:[ :
oy O
C=0 :P—-ﬁSe
| s o ZASS

AT (B)

(D)
|

hr=M—ClCEH4

The mechanism implies that nucleophilic attack by the
P=Se moiety occurs at the hydroxyl oxygen atom of the
peracid to generate initial intermediates (A) and (B),
presumably in close proxiwﬁbﬂ to each other. This
spatial arrangement allows the proton abstraction to
proceed and thus a zwitterionic species (C) and
m-chlorobenzoic acid are formed. This =zwitterionic
species may -cyclise to generate a three membered ring
(D) which subsegquently rearranges its bonding electrons
to yield phosphine oxides and elemental selenium.
Analogous S-oxide zwitterion species have been
proposed by Herriott,E in the desulphurisation of
compounds containing P=S5 bonds with m-chloroperbenzoic

acid.
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Alternatively, the m-chloroperbenzoic acid may
ionise and the resulting anion could then attack the
phosphorus, due to its low electron density, to generate
an intermediate (A) which cyclises to form a five

membered ring;

Scheme 7.22

hr=m—ClCEH4

Rapid bond cleawvage of this ring occurs to generate the
m-chlorobenzoic acid and a three membered ring, which
consequently rearranges to yield the corresponding

phosphoryl oxide and elemental selenium.

Icdosobenzene (PhIO) has alsc been found to be an
effective oxidising agent, like m-chloroperbenzoic acid,
towards compounds containing P=Se bonds. Oxidative
deselenation oCCurs rapidly, with the immediate

precipitation of elemental selenium, upon addition of 2
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molar eguivalents of iodoscbenzene to the selenide
reaction mixtures. All the selenides were oxidised to
their corresponding phosphine oxides in 98-100% yields,

within a few minutes.

However, the data presented in table 7.1 indicates

that the periodate [nBu4NIG4} oxidising agent 1is

somewhat less efficient at initiating ocxidative

deselenation reactions, in comparison to
m-chloroperbenzoic acid and iodosobenzene. While the
triphenylphosphine selenide (1) was observed to be
completely oxidised to its corresponding
triphenylphosphine oxide, the remaining phosphine

selenides (2-5) showed 92, 75, 40 and 37% oxidations
respectively, in the presence of 2 molar equivalents of
periodate. Increasing the periodate concentration to 4
molar equivalents resulted in an increase in the

phosphine oxide yields.

The oxidation mechanism for the oxygenation
reactions of these phosphine selenides, with periocdate
and iodosobenzene, is proposed to be the same as that
depicted for the m-chloroperbenzoic acid oxidation.
These former oxidising reagents donate a single oxygen
atom to compounds containing P=Se bonds to generate the

intermediate =zwitterionic species (P-se-0"), which is
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then converted to the appropriate phosphine oxide via
cyclisation and rearrangement reactions, as shown in the
earlier scheme 7.21. Also the mechanism shown in

scheme 7.22 could also operate.

However, potassium superoxide oxidations have been

observed to be much milder than the periodate (table

L The most reactive phosphine selenide (1) showed
only 65% oxidative deselenation at pentacovalent
phosphorus, while the remaining phosphine selenides

(2-5) produced 54, 48, 36 and 29% respectively, with 2
molar equivalents of potassium superoxide and 0.2 molar
equivalents of l8-crown-6 ether. In addition, as for
the periodate case, doubling the concentration of the
superoxide produced higher yields of oxidation products
{table 7.1). The mechanism proposed for these observed

oxidations is given in scheme 7.23.

Scheme 7.23 \éf
T ——
3 . '8 P T5E
—P=Se + Oé — -;P-Se 02 —=pP-—te P Ercoupling/s
Al == > Se i
0I—0 6—0 0— 0"
(A) (B)
P-0
coupling
PJQET.D\ 5
(D)« ?
Se P
- <L e
e N2 YouiE) =) 00~ N2
/ iR Ve
Do Sem &
Th *.{02,56} f#}u#,fET{F} \ 0
e O0==0 _,?

-—-{DZ,SE} O
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Scheme 7.23 suggests that the primary step in these
oxidative deselenation reactions may involve the
addition of superoxide anion at the selenium atom,
probably by nucleophilic attack, to generate the initial
intermediate (A). In the presence of oxygen
intermediate (A) is converted to a diradical species (B)
and supercoxide anion. The intermediate (B) then
spontaneously dimerises either wvia P-P coupling, to
generate intermediate (C), or wvia P-0 coupling, to
produce intermediate (D) or even a mixture of both
derivatives. Subsequent rearrangement of bonding
electrons, within the dimeric species, generates the
three membered ring species (E) and also two other
similar five membered ring species (F and G), which
readily lose molecular oxygen and selenium to produce

the desired products.

The socnication of chloroform solutions of
phosphine selenides (1-5), using an ultrasocund bath, in
the absence of any added oxidising reagent promoted
'cleaner' oxidative deselenation reactions but in lower
yields over a given time period. The phosphine
selenides (1-5) yielded 18, 10, 10, 8 and 7% oxidation
products respectively. These oxygenation reactions may
have arisen through the formation of radicals and in

turn peroxy radicals, which may donate a single oxygen
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atom to the phosphine selenides and thus induce

oxygenation reactions;
Scheme 7.24

C‘HCl3 A éHCl2 ]

0,

ClECHGO'

Apart from the chemical oxidative deselenation
reactions with conventional oxidising reagents,
tertbutylhydroperoxide {tBuDDH], di-tert-butylperoxide
{tEuDDtBu} and tert-butylperbenzoate (PhC(0)00 Bi) have
alsc been found to effectively facilitate the formation
of the phosphine oxides, via cleavage of the 0-0 bond at
room temperature. However, the di-tert-butylperoxide
under these milder conditions showed lower reactivity
towards the P=Se compounds (1-5). These observations

are presented below.
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Table 7.2 Oxidative deselenation reactions of phosphine selenides {l—ﬁja with
compounds undergoing 00 bond cleavages in chloroform.

Oxidising mol.equ. % oxidation of organophosphine selenides
ageqt Ph,PSe  Ph.PSe(0Et)  PhPSe(Ot), (Et0),PSe  (MeO).RSe
(1) (2] (3) (4) (5]

tou004° 2 100 100 100 100 100
t3u00"Bu 2 8 1 <1 0 0
tau00teu 10 12 2 0 0 0
tBuDﬂtBu!HEGC 10 14 5 : : e
PhCO,0 By 2 25 18 12 2 <
FhEGEDtBu 10 100 05 87 12 14

a, Selenide 3.0 x ID'EM, stirred at room temperature for 24hrs, red selenium
precipitated in solution after reaction time.

b, Reaction time 20mins, precipitation of red selenium seen.

c, 20 molar equivalents of HZU.

The results shown in table 7.2 indicate that
t-butylhydropercoxide is a far better oxidising agent:;
towards oxidative deselenation reactions, than its
analogues. Addition of 2 molar eguivalents of
tert-butylhydroperoxide to each of the phosphine
selenide reaction mixtures (1-5) produced, after 20
minutes, the corresponding phosphine oxides in 100%
yields, accompanied by precipitation of selenium from

each mixture.



-228-

Similarly, trisubstituted phosphines have been

readily converted into their corresponding phosphine

52-59 The results of these

53,61

oxides in high yields.
reactions suggested the formation of an ion pair,
presumably formed by the nucleophilic attack of
phosphorus on the hydroxyl oxygen atem, which is
deprotconated to give the phosphine oxides. However,
since the charge density in the wvicinity of the P=Se
bond is generally concentrated around the selenium it is
not unreasonable to presume that the selenium attacks
the hydroxyl oxygen atom rather than the electron
deficient phosphorus atom. Hence an analogous reaction
scheme operates for the observed oxidative deselenation

reactions:

Scheme 7.25

T
-“-}p=/5/e—\ﬂi D —--a-liﬁ—-Se—-gl-H — :’—‘a-“$ -Se-0"+ HOTBu
oL _tg

1on palr

0
Se + 3p=0 ¢—— -“-;P%SI
=

Abstraction of a proton in the ion pair by the butoxy
anion produces butanol and a zwitterionic species which
cyclises and then rearranges +to yield the phosphine

oxides.
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The tert-butylhydroperoxide has also been shown to

behave as a nuclecphile towards the carbonyl groups cof

aldehydes under neutral conditions;

Scheme 7.26

)

[
tEuG{%r:l"ﬁ‘Nf!— Hiean it

Me

Hence, the proposed

deselenation reactions as given

also operate.

Scheme 7.27

Nuclecophilic attack at the phosphorus occurs,

due to its

low

L

68,69
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I
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t
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e —

- t
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0—0
Te:) TBu
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fu ]

e

—0n

—

o

electron

EuDD—-éHMe

mechanism for these

in scheme 7.27 could

—P=0 + Se
rd

density,

to

probably

generate
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intermediate (A) which probably undergoes g proton shift

and thereby exists as one of two equally probable

structures. Such proton shifts have been suggested to
occur readily by Denney and co—worker553 for similar
compounds. '~ Cyclisation of the lower resonance
structure {scheme T ] gives butanol and the

anticipated three membered ring, which subsequently

rearranges to produce phosphine oxide and selenium.

Phosphine selenides (1-5) in the presence of 2
molar eguivalents of tert-butylperbenzoate gave lower
yields of the corresponding phosphine oxides than the
oxidation reactions with the tert-butylhydroperoxide
(table 7.2). However, on increasing the concentration
of the perbenzcate by five times, phosphine selenides
(1-5) gave considerably higher yields of oxidative
deselenation. In addition it wag observed that
selenides (4,5) exhibited much lower reactivity than
their analogues (table 7.2). An ionic mechanism is
proposed Eor the observed results, scheme 7.28.
Nucleophilic attack by the P=Se moiety can either occur
at the oxygen attached +to the carbonyl group, to
generate an ion pair intermediate (A), or at the oxygen
attached to the tert-butyl to give ion pair species (B).
These two intermediates may react in the manner shown

below to preoduce the observed phosphine oxide products.
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Scheme 7.28

ﬁ_\
N,
= ——5&—-5}- Ph
e B |
Bu— 0O
Jpege + '| 2 L (A) —alpdp /A., 3;9=
i 0—TBu / \0 +
[Ff =D Se
Sb—se— 0—<Bu h
o tEuOﬁPh
D—*FPh o
(B)
However, from the results obtained for the

cxidative deselenation reactions (table 7.2) it is not
possible to distinguish between these two mechanisms.
Although, from consideration of steric effects it 1is
highly probable that nuclecphilic attack oCCurs

presumably at the oxygen attached to the carbonyl group.

Di-tert-butylperoxide {tBuDDtBu}isfcund to be the
least reactive peroxide towards the oxidative
deselenation reactions of phosphine selenides (1-5),
under the mild experimental conditions employed for
these investigations. Although triphenylphosphine
selenide (1) was the only substrate which exhibited any
reactivity towards the peroxide, the overall oxidation

product yield was only 8%. Phosphine selenides (2-5)
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produced <1% oxidation with 2 molar equivalents of
peroxide. However, a five-fold increase in the
concentration of +the peroxide caused no appreciable
change in the phosphine oxide yields i1.e. 12, 2 and <1%
reaction observed for phosphine selenides {1-5)

respectively.

Initially, it was thought +that these rather low
oxidation yields could have arisen as the result of
traces of water present in the reaction solvent.
However, the addition of 20 molar equivalents of water to
the reaction mixture of triphenylphosphine selenide (1)
plus 10 molar equivalents of di-tert-butylperoxide,
produced no change in the percentage product yield of
the triphenylphosphine oxide, table 7.2. This suggests
that these observed oxygenation reactions genuinely
arise from the interaction of ©peroxide with the

respective phosphine selenides.

The reactions of dialkylpercoxides wusually occur
only at elevated temperatures or under photoillumination
and may proceed by either homolytic or heterolytic

70=72 Thus, in the reaction of

cleavage.
trialkylphosphines with diethylperoxide in benzene
(80°C,24hrs) formation of ethyl-ether was detected and

in the reaction of triphenylphosphine with
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di-tert-butylperoxide (110-120%, 30hrs) the formation of

tert-butyl ether was ckserved From these observations

the en:t't:t"lt}1:55-‘Ir proposed an ionic mechanism, analogous to
that of phosphines with acylperoxides. Furthermcre,
64

Denney and Jones have reported that certain phosphites
reduce non-tertiary dialkylperoxides cleanly by what
appears to be a non-radical reaction. Hence we
conclude that the oxidative deselenation reactions,
reported here, are probably alsc proceeding via an ionic
pathway, scheme 7.29. Partial heterolytic cleavage of
the peroxide bond, under the experimental conditions
employed, cccurs to produce an ion pair (A) of

relatively low concentration which collapses to give the

phosphine oxide and t-butyl ether.

Scheme 7.29

pLse — .-./ﬁ—s.e_o—au —> b_se-0
4 0—FBu ,7\ =p
tBu oy 4 e
(2) Epuotau
“ —
Se + 7?-—0
Alternatively, the partial cleavage of the

peroxide bond could have occurred by the action of the
fluorescent light upon the peroxide, thus a radical

mechanism is proposed:
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Scheme 7.30

/—NO__'_H_EH V'\“' 5 -
. t \
Sodd >P—Se— 0 ——=Bu ~p—Se—0
it | Z uj — 7

G——-Eu

o
Se + --}P-D

However, the results presented here do not enable

us to distinguish between these two reaction pathways.

s Summary

Phosphine selenides have been effectively oxidised
to their corresponding phosphoryl analogues by employing
readily available conventional oxidising reagents, such
as m-chloroperbenzoic acid {m-C1C_H CDaH},

64
tert-butylammonium periodate {nEu4NIO4}, iodosobenzene
(PhIO) and potassium superoxide {KDE} in the presence of
18-crown-6 ether. In addition oxidative deselenation
reactions have been achieved by the use of peroxides
i e tert-butylhydroperoxide EtBuDDH},
di-tert-butylperoxide (TBuoo®Bu) and

tert-butylperbenzoate itBuDE{O}CPh].
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CHAPTER B

EXPERIMENTAL
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8.1 Preparation of compounds containing P=Se and P=S

bonds.

Compounds containing P=Se and P=S moieties were

1-8 methods.

prepared according to reported literature
In general, the selenides or sulphides were prepared from
the appropriate tervalent organophosphorus compound which
was treated with excess selenium or sulphur (1.5 molar
equivalent), in dry benzene (100ml). The mixture was
stirred at room temperature under nitrogen atmosphere for
24 hours. The excess selenium or sulphur was filtered
and the solvent removed to give the desired product.
The selenides or sulphides, if solids were purified by

recrystallisaticon from ethanol or LE liguids by

fractional distillation under wvacuum.

8.1.1 Triphenvlphosphine selenide, Ph_FSe

3
White solid, yield 88%.
Melting point 180-182°C (Lit.’? 184-185°C).
Micreoanalysis for C18H15Pse;

% Theery C, 63.34: H, 4.39: P, 9.09,

% Found C; 63-49: HJ4|5CI: F, 0.02.
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lH i Ui Vot s {CDC13) & ;

7.3 (m,9H, aromatic meta andpara),

3 3
4

JHCCCH 2Hz, H-ortho).

IR (KBr disc) cfi +;

THz

3052(w), 1822(w) 1584(w), 1478(m), 1432(s),
1331(w), 1305(m), 1180(w), 1158(w), 1096(s),

- 1068(m), 1026(m), 997(m), 853(w), 745(s),
TR 689(s), 618(w), 56l(s), 505(3),
451(w), 42B(w).

Ethyl diphenylphosphinoselencic acid, Ph_FSe(OEt)

2
Pale yellow solid, yield 93%.

Melting point 46-48°C.

Microanalysis for C QFSe;

JA=i5
% Theory C, 54.33; H, 4.85; P, 10.02.

% Found C, 54.63:; H, 5.00: P, 10.18.

1H n.m.r. {CDC13] & ;

7.4 (m, 6H, aromatic meta and paral,

7.8 [(ddd, 4H, 3JHCCP]_-QHZ, 3JHCCHBHZ,
£1JHCCCHEHZ, H-ortho),
<IECTRS TS ): (R SRR L s e iy
—DCHE—},

3
s e Eislr q{EHTHz, —CHE].
IR(nujol mull) cm_l;
1025(s), 1070(w), 945{(s), 770(s), 745(s),

715(s}), 700(s), 685(s).
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Diethyl phenylphosphonoselenoic acid, PhPSe{DEt}2

Colourless liquid, yield 91%.
Boiling point 125-128°C/15mmHg.

Microanalysis for C DZPSe;

10715
¢ Theory C, 43.29; H,5.41; P, 11.18.

2 Found C, 43.31; H, 5.53; PF; L2201,

1H n.m.c. {CDClS} &3

7.3 (m, 3H, aromatic meta and para),
3 3

756 {Aaal S oH L St Szl e T BlSE e,
29 ccey2iz, B-ortho),
3500 L Qa0 e el STE SO g SR B
~ocH,-) ,
S Iy S L) e
1

IR (neat film) em ~:
3060(w), 2980(m), 2930(w), 2900(w), 1475(w),
1440(s), 1390(m), 1310(w), 1280(w), 1160(m),
1120(s), 1100(w), 1035(s), 965(s), 740(s),

720(=s), 690(s).

Triethyl phosphorcoselencic acid, [EtD]EPSe

Colourless liquid, yield 92%.

3

Boiling point 93—95DCf12mmHg (Lit. BEDCKQmmHg}.

Microanalysis for C BSE:

s s
% Theory c, 29.37; H, 6.12; P, 12.65.

% Found C, 29.5%; H, 6.14: P, 12.69,
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lH T1 o TR {CDC13} £
3.9 [(dg, 6H 3J 9Hz 3J 8Hz, -0OCH,-)
f ' HCOP 4 HCCH d IR
3
s e He JHCCH?.SHZ, _GHB}'
1

IR {nzat film) cm —;
2980(m), 2930(w), 2900(w), 1470(w), 1440(w),

1390({m}), 1290(w), 11l60(m}, 1100{(w), 1l020{(s},

Q6 SISt ST TS

Trimethyl phosphoroselencic acid, {MED]3PSE

Colourless liguid, yield 90%.

3

Boiling point 85-88°C/15mmHg (Lit.~73-74°CAlmmHg).

Microanalysis for C3H963PSE;
F Pheony C,m LT SH 4043 P 602 50

% Found C, 18.00; H, 4.47; P, 15.30.

1H N.m.r. ECD213] &

3.7 {d, 9H, 3JHCGPlde, -CH

3].

IR (neat film}cm"l :
2900(w), 2955({m), 2840(w), 1460(w), 1440(w),
1180(s), 1025(s), 825(s}), 780(s).

Triphenylphosphine sulphide, Ph,.PS

3
White solid, yield 83%.

Melting point 154-157°C (Lit.%158-162%).
Microanalysis for CigH15PS;
SR Ehe oy S ERSaiiag <ty SEer 09

% Found C, 73.25; H, 5.27.
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lﬂ n.m.c. {CDC13} &;

7.3 (m, 9H, aromatic meta and para),

3 3
HHCCPlle' JHCCHSHZ’

JHCCCHEHZ, H-ortho).

IR(KBr disc) em~?! ;

Tielsh Sitn ba fa bt 6H,
4

3054(w), 1827(w), 1584(w), 1478(m9, 1432(s),
1307(m), 1l82{(w), 1104(s}), 1068(m), 1025(m),
998(m), 855(w), 754(s), 747(s), 7l4(s),
B0l e NG BT R e 1 = I R | ST A= R S D

456 (m), 428(w).

Ethyl diphenylphosphincthiconic acid, thPS{DEt}

Yellow solid, yield 85%.

5

Melting point 38-40°C (Lit.> 42-43°C).

Micrcanalysis for C14H150PE:

% Theory C, 64.12; H, 5.70.

% Found C, 6£3.22: H, 5.88.
1

Hn.m.r. {CDCIE} 53
7.3 (m, 6H, aromatic meta and para),
o MR aa) MRG0 B LibH 8 25 chHz),
4JHCCCHEHE, H-ortho),
4.1 (dq, 2H, 3. 9Hz,>T, . .7.5Hz, -OCH,-).
TRaas s 3H 3JHCCH?H2, —CH,) .
1

IR {naat £ilm) cm —;
3060(m), 2980(m), 2930(w), 2900(w), 1480(m),
1440(s), 1390(m), 1310(w), 1180(w), 1160(m),
1115¢(s), 1030(s), 995(w), 955(s), 790(s),

745(s5), 720(=s}), 690(=s), &35(=s), 615(=).
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Diethyl phenylphosphonothionic acid, PhPSI[CIEt]I2

Colourless liguid, yield 79%.

Boiling point lBD—lBEDCflﬁmmHg

6

(Lit.°72-73%/0.02mmHg) .

Microanalysis for C. .H. .0.P5;

L0 gl e

% Theory C, 52.17; H, 6.52.
% Found C, 52.39; H, 6.78B.
1H il {CDC13} 6

7.3 (m, 3H, aromatic meta and paral,

IRECTAS ( ly D E RO e 7 H
4JHCCCHQHZ, H-ortho),

41 N A A H S T SRR 2y e T o O AR e

e AT o T ~CH,) .

IR (neat film) Cmul:

2060(w), 29B0(m}, 2930{(w), 2900(w), 1475(w),
1440(s), 1390(m), 1310(w), 1285(w), 1160{(m),
1120({s), 1100(w}, 1030(s), 960(s), 790(s),

745(s), 730(s), 690(s), 625(s).

Triethyl phosphorothionic acid, (EtO) ,PS
Colourless liguid, yield 82%,.
Boiling point 105-108°C/18mmHg (Lit.’95.5°C/12mmHg)
Microanalysis for CEH1503PSF

O e (el BV AneiRig Al T aET

% Found C, 36.45; H, 7.84.
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lH TS Ml {CﬁC13} &;

3 . : -
4.2 (dgq, 6H, JHEDPE.EHZ, JHCCHSHZF —DCHE-};
3

JHCCHTHZr CHE—};

IR (neat film) cm_l:

1.4 (£, 9H,
2980(m), 2930(w), 2900(w), 1475(w), 1440(w},
1390{m), 1290(w), 1160(m), 11l00{w), 1025(s),

965(s), 820(s).

8.1.10 Trimethyl .phosphorothionic acid, [Me0}3£§

Colourless ligquid, yield 77%.

8

Boiling point 90-93°Cc/l6mmHg (Lit.°75°C/3mmHg).

Microanalysis for C3H903PS;

% Theory C, 23.06; H, 5.76.

% Found C, 22.81; H, 5.B0.
ly nom.r. {CDCIB} L

o DT b s e
IR (neat £ilm) cm t;

l3HZ:cH3-]-

3000(w), 2955(m), 2840(w), 1460(w), 1440(w),

1180(m), 1025(s), 825(s).

8.2.1 Preparation of benzophenone hvdrazone, Ph2C=NNH2

Hydrazine hydrate (4.68g, 46.8mMol) was added to

benzophenone (10g, 27.5mMol) in absolute ethanol (60ml)
and a few drops of glacial acetic acid were added. The
mixture was heated under reflux overnight, and solution

cooled at room temperature to give white crystals of
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benzophenone hydrazone, Crystals were filtered and
washed with cold ether.

Yield 72%.

9

Melting point 89-92° (Lit. 95-98°C),

Microanalysis for ClBHlENE;
% Theory C, 79.56; H, 6.16; N, 14.27.
$ Found C, 79.41;: H, 6.24; N, 14.32
lH n.m.r. [CDC13} 5

il o S Er RS G S T R

8.2.2 Preparation of diphenyldiazomethane, thggz

Anhydrous sodium sulphate (2.31g) and saturated
solution of potassium hydroxide (0.8ml) were added to
benzophenone hydrazone (2.0g, 1l0mMol) in dry ether
(30ml). The solution was stirred vigorously and
mercuric oxide (5.39g, 24.8mMol, red grade) was then
added slowly. Stirring was continued for 20 hours and
the solutien filtered and ether removed under wvacuun.
The residue was taken up in 40-60° petroleum ether,
filtered and evaporated to dryness to leave dark red
crystals.

Yield 91%-

9

Melting point 27-29% (Lit.”’29-32%%).

Microanalysis for ClEHlDNE;
% Theory C, 80.38; H, 5.18; N, 14a.4a2.

% Found C, 80.55; H, 5.21; N, 14.40.
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1y n.m.r. (CDC1,) &; 7.1-7.4 (m,10H).

IR (nujol f£ilm) cm_l: vPh,CN, 2038.

2

8.3.]1 Preparation of 3-methylpyridazine 2-oxide

J-methylpyridazine (2.4g) was added to glacial
acetic acid (15ml), and 30% hydrogen peroxide (7ml) and
mixture heated at 70°C for 3 hours. Further 30% HEOE
(7ml) was added and again mixture heated for another 3
hours at 70°%cC. To this solution water (15ml) was added
and the reaction mixture reduced under wvacuum, and
procedure repeated twice, After neutralisation with
sodium carbonate, the solution was extracted with
chloroform, the chloroform layer was dried over anhydrous
sodium sulphate, and evaporated under wvacuum. The
residue was dissolved in benzene and chromatographed on
alumina (27g) and the column was eluted with benzene.
The residue from the fraction eluted with benzene was
recrystallised from benzene to colourless crystals.

Yield 26%.

10

Melting point 76-79°C (Lit. "83-84%c).

M1 lysi .
icroanalysis for CSHENEG'

% Thecory C, 54.52; H, 5.42: N, 25.44.

% Found &, 54.27; H, 5.52; N, 25.23,

S e, HEEi ) Gh Bare i (e S e (i

3
IR (nujol film) em™'; wN-O 1375.
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8.4.1 Preparation of p-Cyanodimethylaniline N-oxide

(P-cNDMANOY L)

A solution o©f m-chloroperbenzoic acid (2.5q,
lEmlfCHCl3,lM} was added slowly at 0-5°C to an ice-cold,
stirred solution of p-cyanocdimethylaniline (6 - i
l?mlfCHCl3,1M}. i:iifing was continued for a total of 3
hours, during which,the mixture was allcwed to reach room
temperature. The solution was passed through a column
of alkaline alumina (100g) and traces of unreacted amine
removed by washing with chloroform. The column was then
eluted with methancl:chloroform (1l:3), solvent removed
under vacuum and the crude white product recrystallised
from methanol-ether (1:1).

Yield B80%.

Microanalysis for CngGNEO;

% Theory C, 66.64; H, 6.21; W, 17.27.
" Found C" 66246 H, 6521 N, "1L6, 95,

1

H n.m.xr. [(CDCI1 &3

3}
7.7-8.3 (4H, 35 9Hz 45 2Hz
HCCH f HCCCH !

aromatics),

Gl Wt R CH3—}.

8.5.1 Preparation ofdi-n-hexylsulphoxide [CHEICH2l5l2§Q
The sulphoxide was prepared from the corresponding

sulphide wusing the procedure reported by Leonard and

12

Johnson. Sodium metaperiodate in methanol /water (1:1
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v/v) SERN0S

C was added to di-n-hexylsulphide ( 1
eguivalent) and stirred for 24 hours on an 1ice-bath.
The precipitate of sodium iodate was filtered off and the
filtrate extracted with chloroform. The chloroform
layer was dried over anhydrous magnesium sulphate and the
soclvent removed under vacuum to yield the sulphoxide
which was recrystallised from ethanol.
Yellowish solid, yield B8%.

13

Melting point 56-58°C (Lit. -58-59°C).

1H et Ll {CD013] g3
2Bl [ ENEER L o= D e i, 2 H L 6 i

(m, 6H); 1.0-0.7 (m, 3H).

8.5.2 Preparation of di-n-hexylsulphone [CH,(CH,).],S0,

Hydrogen peroxide (1.5mls, 30% agueous solution)
in acetic acid (l1.5mls) was added dropwise to an
ice-cooled solution of the di-n-hexylsulphide (lg) in
glacial acetic acid (20mls). The mixture was stirred at
room temperature for 24 hours before removal of the
volatile components by rotary evaporation. The
resultant product was recrystallised from ethanol.

White-yellowish solid, yield 92%.

14

Melting point 70-72% (Lit.~"72.6-73%C).

1H I e s {CDC13] g :
3.5-3.2 [m, 2H}: 2.3-2.1 (m,2H); 1.8-1.6 (m,

G H e e O = e H
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g6 Photooxidation of compounds containing P=Se bonds

withy benzoin, 1,2-dicarbonyl, pyruvate esters and

pyruvic acid initiators.

Compounds containing P=Se bonds have been oxidised
using a wide range of initiators, both photochemical and
chemical. However, in this section +the oxidation
procedures employed with the above initiators will be

discussed.

Parent stock solutions for each of the five
phosphine selenides were prepared to a known
concentration (1.5 x lGFEM}. To 1lO0ml portions of each
stock solution, a known guantity of the initiator (i.e.
2,4 molar eguivalents) was added. The resulting 5
solutions were then irradiated, in pyrex photolysis tubes
for 24 hours, with black-light fluorescent lamps (max.
emission 350nm). All the solutions were purged with
oxygen throughout the irradiation period. At the end of
the irradiation, all the solutions were analysed, in
turn, for any unreacted starting material and their
corresponding phosphoryl analogues. The stock solutions

prepared were as follows:
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PhEPSe 0.2560g in 50ml of Adry
chloroform
PhEPSE[OEt} 0.2320g n
PhPSe(OEt), 0.2078g : 4
(EtO) ,PSe 0.1838g i 3
(MeO) .PSe 0.1525g 1 4
B.7 Dve sensitised photooxidation of compounds

containing P=5e bonds

Three types of dyes were employed for studies with
these P=5e compounds, namely Rose Bengal (RB), Methylene
blue (Mb), and meso-tetraphenylporphyrin (metal-free,

TPP) .

Ls previously, parent stock solutions of the five
phosphine selenides were prepared to a known
concentration (3 x IG_EM]. To 10ml portions of each
stock solution, a known gquantity of dye (2 x 10_4M] was
added. The resulting 5 solutions were then irradiated,
in pyrex photolysis tubes for 5 hours through 2%
potassium dichromate filter solution with chryselco
daylight fluorescent lamps. The solutions were
continually purged with oxygen throughout the periocd of
irradiation. The phosphine selenides were then

analysed, as before, for any unreacted starting material



and their corresponding phosphoryl analogues. The

results of these experiments are reported in table 2.1.

Stock solutions of the P=Se compounds prepared

Ph3PSe 0.5120g in 50ml of dry chloroform:
methanol (1:1 v/v)
Ph,PSe(OEt) 0.4640g g
P]:‘.tPSe':«DEt]l2 0.4155qg a
{EtDIIBPSE 0.3675g "
{MEGJBPSE 0.3050g -
Dyes:
Rose Bengal 2Zmg in 10ml portion of each of the above stocks

Methylene blue 0.75mg "

Meso-tetraphenylporphyrin 1.23mg

8.8 Quenching studies of compounds containing P=Se .

bonds with dyes

The gquenchers employed for these studies were
p-carotene, 1l,4-diazabicycleo(2,2,2] octane (DABCO), and
ﬁ-hydroxy-E,E,?,E—tetramethylchrcman—2—carboxylic acid
(Trolox), while dyes were Rose Bengal, Methylene blue and
meso-tetraphenylporphyrin. The former three are known
efficient guenchers for singlet oxygen at concentrations
that are sufficiently low to ensure that competitive

quenching of the sensitiser's excited state or triplet
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state does not occur. It is assumed that over the

concentration ranges used, e.g. g-carotene 1.0 = 10'3 -

10 Oy l0ie

-3

; DABCO 2.0 x 1072 - 1.3 x 1073; Trolox 1.0 x
10 =2 Dl ID_BM’ the triplet states of the dyes were
not guenched. In addition Trolox 4is alsoc a known

efficient radical scavenger.

The general experimental procedures employed in
this section are as follows. In the specific case,
stock solution of triphenylphosphine selenide (3 x lG-EM}
plus Rose Bengal dye (2 x lD"4M] was prepared as;

PhaPSe (D.4qg) + Rose Bengal {Bmg) in 40ml
chloroform:methanel (l:1 v/v).

3 x 1l0ml portions of this stock were removed and known
guantities of p-carotene, DABCO and Trolox were added
respectively. The remaining 10ml portion was used as a
blank. The 4 soluticns were then irradiated, as
previously, for 5 hours under oxygen with (8/20W)
circular array of chryselco daylight fluorescent lamps
through a potassium dichromate filter solution. Samples
were taken at regular intervals and analysed by glc.
This process was repeated, wusing Methylene blue and
meso-tetraphenylporphyrin dyes. Furthermore, these two
sensitisers were studied in a single solvent system.

The results from these studies are given in table 2.2.

In addition the graphs extrapolated from these



-256-—

experimental data are also given (figs.2.3-2.6).

Stock solutions prepared for these studies

PhBPSe 0.3072g + Methylene blue 2.25mg in 30ml
chloroform:methancl (1:1 v/v)

+ meso-tetraphenylporphyrin 3.69mg in
30ml chloroform:methancl (1:1 v/v)

L 1 + Methylene blue 2.25mg in 30ml
chloroform

" n + meso-tetra phenylporphyrin 3.69mg in
30ml chloroform

NB: For quencher concentrations, in 10ml of above stocks

please refer to table 2.2.

8.9 Dyve sensitised reactions of compounds containing

P=Se and P=S bonds with di-n-hexylsulphide and

diphenyldiazomethane

Stock solutions of compounds P=Se (2.5 x lU_3M]
and P=5 (2.5 x lﬂ_BM} with Rose Bengal dye (2 x lD_4M]
were prepared as in previous sections. In the specific
case,a stock solution of triphenylphosphine sulphide (2.5
b'e lﬁ_3M} and Rose Bengal (2 x ID"QM} was prepared as;
PhBPSe (22.20mg) + Rose Bengal (6mg) in 30ml
chloroform:methanol (1l:1 v/v).

2 % 1l0ml portions of this stock were removed and
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di-n-hexylsulphide  (20.2mg, 10 x  107°M)  and
diphenyldiazomethane {19;4mg, 10 X lU_BM} added
respectively. The remaining 1l0ml portion was used as a
blank or controel. The three solutions were irradiated
under the same conditions as dye sensitised reactions
{pyrex +tubes, dichromate filter, oxfgen and chryselco
daylight fluorescent lamps). ‘Each sample was
concentrated before analysis by glc, at the end of the

irradiation period.
This procedure was repeated for the remaining P=Se
compounds and also for the compounds containing P=5

bonds.

The following stock scoluticons were also prepared

thPSDEt (19.80mg) <+ PRose Bengal ({6mg) in 30ml
chloroform:methanel (1:1 v/v)

P’hP’SI['D'E-tll2 {(17.40mg) " " n

(Et0),PS (15.00mg) - L "
{MeD}3P5 (11.70mg) " " n
Ph3P5e (24.90mg) - " "
Ph,PSe(OEt) (23.40mg) . . ;
PhPSe(OEt), (20.70mg) " " i
(Et0) ,PS (18.60mg) " . "

LME‘O]’EPS {15.3Umg:| I i n
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8.10 Chemical oxidation of compounds containing P=Se

0
bonds by wide range of oxidising reagents
I

As mentioned already, stock solutions of the P=Se
compounds wére prepared to known copcentrations in dry
chloroform solvent. In general, several 1l0ml portions
of a stock solution of a particular selenide, were taken
and a Xknown guantity of the oxidising reagent!gaded to
each porticn, in a 25ml round bottom flask. a4ll the
flasks were then stoppered andiﬁﬁlutionéigiirred at room
temperature for 24 hours. The reaction mixture was then
analysed by glc as before. In the case of the potassium
superoxide reagent (2 and 4 molar equivalents), the
granules were ground to a fine powder in sclution to give
a larger surface area for reaction, and unnecessary
exposure to the atmosphere was prevented. Furthermore,
l18-crown-6 ether (15.9mg, 0.2 molar equivalent), acting
as a phase transfer catalyst was added to all the
superoxide reactions.

With the tetrabutylammonium periodate, reactions
were carried out using similar molar egquivalents as
above, 1.e. 2 and 4 of the reagent. However, for the
diethyl phenylphosphonoselenoic acid [PhPSe (OEt),],

triethyl phosphoroselencic acid [EtG}BPSe and trimethyl

phosphoroselenoic acid [MeO}BPSe, in addition to
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tetrabutylammonium periodate {2 molar equivalents),
manganese III mesotetraphenylporphyrin chloride
(0.02molar equivalent) or manganese II1
mesotetral(2,6-dichlorophenylporphyring chloride {0.02
molar equivalent) plus imidazole were added. The

results for these reactions are presented in table 6.1.

Oxidation reactions with m-chloroperbenzoic (2
molar egquivalents), iodoscbenzene (2 meolar eguivalents),
tert-butylhydroperoxide (2 molar equivalents),
di-tert-butylperoxide (2,10 molar equivalents) and

tert-butylperoxybenzoate (2,10 molar eguivalents) were

carried out as described earlier. The concentration of
the P=Se compounds were prepared to 3 x 10_2M in
chloroform. The following guantities of the latter

three reagents, tert-butylhydroperoxide (0.2ml, 1ml/2,10
molar equivalents), di-tert-butylperoxide {(0.11lml,
0.55m1/2,10 molar equivalents) and

tert-butylperoxybenzoate (ROER2 milsy 0.60ml/2,10 molar
equivalents) were added to each 10ml portion of each P=Se

compound stock solution.
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B.11 Oxidation of compounds containing P=Se and P=S

bonds with heterocyclic N-oxides

The following procedure was adopted for these

reactions. In general,a stock solution of the N-oxide
was prepared to a known concentration of 5 x lD‘3M in
50ml of dichloromethane. 5 x 10ml portions of the stock

solution were taken and known gquantities of the five P=Se
compounds, present in pyrex or gquartz photolysis tubes,
wefg added to each 10ml portion and all the solutions were
purged with nitrogen for 10 minutes before irradiation
for 24 hours with an applied source of light. The
sclutieons after irradiation were concentrated and
analysed by glc for unreacted starting materials and
their corresponding phosphoryl analogues. This method
was repeated, with the same N-oxide stock solution, for

the P=5 compounds also.

The steck sclutions prepared for each of the N-oxides

were as follows:

l. Pyridine N-oxide 23.78mg in 50ml dichloromethane
2. 2-picoline N-oxide 27.28Bmg k

3. Quincline N-oxide 36.29mg By

4..P—cyanodimethylaniline N-oxide 40.5mg -
5. 3-methylpyridazine 2-oxide 27.50mg
6. 2-phenylsulphonyl-3(P-nitrophenyl)oxaziridine 76.50mg "
7. 7-hydroxy-3H-phenoxazine-3-one 31.39mg(2.5 x lﬁ_BM] in

50ml chloroform:methancl {(1:1 v/v)



-261-

The following amounts of P=Se compounds were added
to the N-oxides 1-6;
Ph PSe (6.8mg); Ph,PSe(OEt) 6.2mg); PhPSe(0Et), (5.5mg);
{ EtD}3PEe (4.9mg) and {Me0}3PS (4 .1mg]). The
concentrations of all the selenides and sulphides, in
10ml, were 2 x 107 3m: For the
7-hydroxy-3H-phenoxazine-3-one N-oxide (7), which had a
concentration of 2.5 x 1G_3M, all the above quantities of
P=5e¢ and P=5 compounds were halved. The results for
these experiments are reported in tables 5.1 and 5.2.

Furthermore, the irradiation source for each N-oxide is

also given.

8.12 Instrumentation

Melting points, which are uncorrected, were
determined in capillary tubes, while all the 1liquid
compounds were distilled under reduced pressure using a
Bichi Kugel oven. Boiling points are also uncorrected.

1H n.m.r. spectra were measured on a JEOL 60mHz
spectrometer, using tetramethylsilane (TMS) as the

internal standard and deuterochloroform (CDC1 as the

3)
solvent. The following abbreviations are used to
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interpret the spectra:-
singlet s, doublet 4, triplet t, guartet g, and multiplet

m.

IR spectra were measured as neat films or as nujol
mulls onoe Perkin-Elmer 157G spectrophotometer. The
follewing three abbreviations are used to interpret the
i.r spectra:-

strong s, medium m, weak w.

B.12.1 Gas liguid chromatography(glc)

All glc analyses were carried out using a Shimadzu
GC-mini2 gas chromatograph (FID detector) in conjunction
with a Shimadzu chromatopac C-R1B integrator, and a

colunapns
copper capillary, 50 metres x 0031lcm SES54 0.2JDF, unless
stated otherwise. The gas pressure or flow of the
carrier gas was reduced for the phosphine sulphides while
Celiunan Were
the temperatures of the capillaryhand detectorhunchanged.
This enabled a good separation between the phosphine
sulphides and their corresponding phosphoryl analogues.
The glc conditions for each compound analysed by this
method are given in table B.1l. No internal standard was
used since calibration curves were found to give a linear
relationship between P=X (where X=Se,S5) and the oxidised

P=0 products, over the concentration range used. Each

sample was analysed twice in non-chronclogical order.



-263-

Peak areas were obtained directly from the integrator,
from which the percentage yields for the corresponding

phosphine oxides were obtained.

Table B.1 Showing glc conditions for -5,-F=x (where X=5e,5 and 0) compounds and others

Compound Temperature {at} HZ prgssure Retention

Kg/em

Oven Detector time (mins.)

Ph,PSe 300 350 1.3 6.21 (5.59)
Ph,PSe(0Et) 235 260 g 5.86 (4.92)
PhPSe(0Et), 180 220 ] 5.23 (4.27)
(Et0) PSe 130 200 " 4.96 (3.81)
(Me0) Pse 100 160 " 4.48 (3.40)
Ph_PS 300 350 0.9 7.50 (6.80)
thpﬂ{ﬂEt} 235 260 i 7.33 (6.36)
PhPS(0Et), 180 220 - 7.03 (6.04)
(Et0),PS 130 200 2 5.37 (4.88)
(Me0) S 100 160 L 5.10 (4.34)
[CHE{CHZ}E]ES 180 240 1.2 4.87

[CH (CH,) 1,50 . 2 i 11.26
[CH(CH,) 1,50, H , i 12.84

Ph, S0, . = 1 14.62
Ph,C0 235 260 . 3.98
1,8-naphthalic

anhydride * 190 250 - 2.0

( ) denctes the corresponding phosphoryl analogue,

* column 20", 10% UCH 982 (80-100HAH DCMS B-8), N, flow 40m] Wik,



-264-

8.13 Photochemical reactors and mercury lamps

8.13.1 Daylight reactoxr; consisted of a total of eight

20W ecircular array of chryselco daylight flucrescent
lamps, which are kept cooled by a fan fitted to the base

of the reactor.

g8.13.2 350nm reactor; consisted of a total of sixteen 8W,

F8T5/BLE sylvania black-light fluorescent lamps (having a
maximum emission at 350nm) which were kept cool by means

of a fan, similar to that of the daylight reactor.

8.13.3 254nm reactor; the 350nm reactor was adapted to

give a maximum emission at 254nm, by replacing the
sixteen 8W sylvania black-light fluorescent lamps with
sixteen sylvania Gl 5TB lamps. In all other respects

this reactor was similar to the 350nm reactor.

8.13.4 Medium pressure mercury arc lamps; the mercury arc

or 1 litre photochemical reactor operates in the region
of approximately 1 atmosphere with high currents (50Hz).
This gives rise to a multiplicity of pressure-broadened
lines between 240-580nm, characteristic of this type of
arc. The arc, contained inside a water-cooled Jjacket,
was connected to a Hanovia power source of 125 watts,

serial no.37451.
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8.13.5 High pressure mercury arc lamps; these types of

arcs operate at wvery high pressures in the region of
100-400 atmospheres and hence the emission obtained from
these lamps is almost a continuwum. The photochemical
reactor was contained inside a water-cooled jacket and

connected to an applied photophysics source of 400 watts.

8.14 Source of chemicals

Aldrich Chemical Co.Ltd: Triphenyl phosphine, triphenyl

phosphonate, diphenyl ethoxy phosphine, diethoxy phenyl

phosphine, triethoxy phosphine, triethoxy phosphonate,

trimethoxy phosphine, trimethoxy phosphonate, selenium
metal, methylene blue (metal free), di-n-hexylsulphide,
hydrazine hydrate, benzophenone, m-chloroperbenzoic acid,

g —carotene, l,4-diazabicyclo[2,2,2] octane,

b-hydroxy-2,5,7,B-tetramethylchroman-2Z-carboxylic acid,

imidazole, pyridine, guinoline N-oxide,
7-hydroxy-3H-phenoxazin-3-one (85% dye content),
3-methylpyridazine, p-cyanodimethylaniline,

deuterochloroform (gold label), 13-E-¢ ether,
tetrabutylammonium pericdate, calcium hydride

(anhydrous), tert-butylhydroperoxide,
di-tert-butylperoxide, tert-butylperoxybenzocate, benzoin,

benzil, methylpyruvate, ethylpyruvate, pyruvic acid,
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biacetyl, acenaphthanguinone.

Fis pons Chemical Co. Ltd: Chloroform, benzene, acetic

acid, methanol, dichloromethane (analar grade), potassium

dichromate.

May & Baker Co. Ltd: Diethyl ether, ethanol, petroleum

ether (40-60° and 60-809).

EDH Chemical Ltd: Hydrogen peroxide, potassium hydroxide

(pellets), sodium sulphate (anhydrous), sodium carbonate,

alkaline alumina.

Lancaster Chemical Co. Ltd: Pyridine N-oxide, Z2-picoline

N-oxide.

Eastman Kodak Co. Ltd: Rose Bengal.

Koch-Light Chemical Ltd: Phosphorus pentoxide.

Hopkins and Williams: Mercuric oxide (red grade).

The City University Laboratory: Manganese IIT

mesotetraphenylporphyrin chloride, manganese 1GAT A
mesotetra(2,6-dichlorophenylporphyrin) chloride,

2-phenylsulphonyl-3(p-nitrophenyl) oxaziridine.
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