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^ /te /e e  ^ u M je



ACKNCIWLEIY™ENrS

I would like to express itiy sincere gratitude to Professor R. Stephen 
Davidson firstly for his continual interest, encouragement and guidance 
throughout all stages of this project; secondly for his much valued 
friendship and thirdly for enabling me to embark upon a photochemical 
career and keeping me pointed in the general direction of the flashing 
lights!

Also, I would like to express ny appreciation to others without whose 
help this work would not have been possible. To Miss Julie E. Pratt 
for her very able assistance with sane of the decarboxylation experiments 
in the latter stages of this work. To Dr. Ph. Fomier de Violet of The 
University of Bordeaux for the transient absorption measurements. To 
Miss H. Kinghom and Dr. G. Tumock of the Department of Biochemistry, 
University of Leicester, for the polarographic and liquid scintillation 
measurements respectively. To the S.E.R.C. for the provision of a 
Ph.D/PGCE maintenance grant which allowed me to pursue my career in both 
areas of research and teaching, and also for financial assistance in 
attending certain conferences. To my friends, past and present, in the 
Organic Research Group at the University of Leicester and The Photo
chemistry Research Group at The City University for making ny career in 
each Chemistry Department so enjoyable and providing an atmosphere vhich 
was both conducive and stimulating to work in. To the Staff and Students 
of the Education Department, University of Leicester. To Miss Vicky 
Orson-Wright for producing such an excellent typescript and Mrs. Ann 
Crane for producing the superior artwork in the Equations, Schemes and 
Figures. To ny parents for their continual Interest and support 
throughout ny education.

I would also like to take this opportunity to express ny thanks to the 
following people vho have given me invaluable advice and encouragement at 
various stages of ny career. To Mr. G. Onions and the late Mr. H. Carter 
of the Mercian Secondary Modem Boys School, Tanworth, for guiding me 
towards an academic career. To Mr. Peter Cole, Head of Chemistry at 
V^geston Sixth Form College, Leicester, who acted as ny Teacher-Tutor 
during ny final teaching practise, for providing a model which I try to 
emulate. To Dr. John Hobbs of The City University for his continual 
support vhich has enabled me to be of sane assistance to him on the



Biological Chemistry Degree Course. To Professor S. Trippett of the 
University of Leicester vho has waited patiently for me to produce this 
thesis in the form vhich it now takes 1 Finally to John Lennon whose 
words and music opened iry mind and let me ' Imagine '.



STATEMENT

The experimental work in this thesis has been carried out by the 
author in the Department of Chemistry at the University of 
Leicester, between October 1977 and September 1979, and in the 
Department of Chemistry at The City University, London, between 
October 1979 and September 1980. The work has not been presented 
and is not being presented for any other degree.

DEAN GOODWIN
April 1983



Seme of this work has been previously published, as follows:
1. The Question of the Role of Singlet Qjygen in the Dye-Sensitized 

Photo-Oxygenation of a-Qxo-Carbo:ylic Acids.
R. S. Davidson, D. Goodwin and G. Smith, J.C.S. Chem. Conmun.,
463, (1979).

2. The Direct Photo-Oxidative Decarboxylation of a-Oxo-Carboxylic 
Acids.
R. S. Davidson, D. Goodwin and G. Tumock, Tetrahedron Letters,
4943, (1980).

3. The Mechanism of the Photoinduced Decarboxylation of Pyruvic 
Acid.
R. S. Davidson, D. Goodwin and P. Fomier de Violet, Chem. Phvs. 
Letters, 78, 471, (1981).

4. The Mechanism of the Norrish Type II Reaction of a-Keto -Carbo:ylie 
Acids and Esters.
R. S. Davidson, D. Goodwin and P. Fomier de Violet, Tetrahedron 
Letters> 2485, (1981) .

5. The Mechanism of the Photoinduced Fragmentation of Alkyl Pyruvates.
R. S. Davidson and D. Goodwin, J.C.S. Perkin Trans. II, 993,
(1982) .

6. Photo-Induced Electron Transfer Reactions - Pitfalls and 
Opportunities.
R. A. Beecroft, R. S. Davidson, D. Goodwin and J. E. Pratt,
Pure Ad dI. Chem. , 1605, (1982).

7. The Role of Electron Transfer Processes in the Photoinduced 
Decarboxylation of a-Qxo-Carboxylic Acids.
R. S. Davidson and D. Goodwin, J.C.S. Perkin Trans. II, 1559,
(1982) .

8. The Mechanism of the Direct Photo-Oxidative Decarboxylation of 
a-OxD-Carboxylic Esters.
R. S. Davidson, D. Goodwin and J. E. Pratt, Tetrahedron, 1069,
(1983).

9. The Role of Electron Transfer Processes in the Photoinduced 
Decarboxylation of Alkyl Pyruvates.
R. S. Davidson, D. Goodwin and J. E. Pratt, J.C.S. Perkin Trans. II, 
in the press, (1983).

10. Factors Affecting Dye-Sensitized Photo-Oxidation Reactions : The 
Effect of Oxygen Concentration and its use to Probe the ̂ fechanism 
of Decarboxylation of a-Oxo-Carbojylic Acids and Esters.
R. S. Davidson, D. Goodwin and J. E. Pratt, Tetrahedron, in the 
press, (1983).



Some of this work has been presented at the following scientific
meetings:

1. Photo-Oxidation Workshop, 20-23 November, 1978, Texas 
Christian Uhiversity, Fort Worth, Texas, U.S.A.

2. Chemical Society Photochemical Group Meeting, 9 January, 1980, 
U.M.I.S.T., Manchester, England.

3. The City University Photochemistry Group and The Royal Society 
of Chemistry Photochemistry Groip - Joint Meeting, 3 April, 
1981, The City University, London, England.

4. IX I.U.P.A.C. International Symposium on Photochemistry,
25-30 July, 1982, University of Pau, Pau, France.



CONTENTS

CHAPTER 1: fiFT.ECTEn ASPECTS OF PHCTOCHByilSTRY AND 
PHOTOCHEMICAL REACTIONS

General Aspects of Photochemistry
i ) Electronic Transitions in Organic Molecules
ii ) Photophysical Processes of the Excited State 
iii) Sensitization and Quenching by Energy Transfer
1 ) Singlet-Singlet Energy Transfer
2 ) Triplet-Triplet Energy Transfer
3 ) Triplet-Singlet Energy Transfer 
4) Singlet-Triplet Energy Transfer 
iv ) Heavy Atan Effects
V ) Quenching via Electron Transfer 
Vi ) Intramolecular Energy Transfer
vii) Utilisation of Sensitization and Quenching Studies
viii) Surtmary

Photochemical Reactions of Carbonyl Carpounds
i ) a-Cleavage
ii ) 6-Cleavage
iii) Intramolecular Hydrogen Atcm Abstraction 
iv ) Intermolecular Hydrogen Atcm Abstraction
V ) Photocycloaddition Reactions
Vi ) Reactions in the Presence of Oxygen 
vii ) Surtmary

Pace Number

3
3
4 
6
7
8 
8 
9
11
12
13
14
15
18
18
20
21
23
25
26 
28

ihanisms of Photochemical Oxidation Reactions 31
Introduction 31
Type I and Type II Processes 34
Methods of Generation of Singlet Oxygen 36
Energy Transfer 36
Electrical Discharge 38
Chemical Methods for Singlet Oxygen Production 38
(1) Peroxide Decatposition 38
(2) Triphenylphosphite Ozonide Decarposition 39
(3) Thermal Décomposition of Transannular 

Peroxides of Aromatic Hydrocarbons 40
(4) Other Methods of Singlet Oxygen Production 41
Photo-Oxidation via the Type I Process 42
Photo-Oxidation via the Type II Process 45

a) 1,4-Addition Reactions 46
b ) The Ene Reaction 47
c) 1,2-Addition Reactions 50
d ) Other Exanples of Singlet Oxygen Reactions 53

Determining the Mechanism of a Photo -Oxidation Reaction 56 
a ) Carpeting Type I and Type II Processes 57
b ) Quenching of Singlet Oxygen 60
c ) Determination of the Lifetime of Singlet Oxygen

and Reactivity Parameters 61
Photo-Oxidations Involving Electron Transfer Reactions 64 
Biological Triplications of Singlet Oxygen 68

REFERENCES 72



Page Number
CHAPTER 2; PHOTOCHEMICAL REACTIONS OF a-KETO-CARBOXYLIC 

ACIDS
INTRODUCTION
2.1 Direct Irradiation of a-Keto-Carboxylic Acids 79
2.1 ( i )  Pyruvic Acid 79
2.10') Phenylglyoxylic Acid 88
2.1 (iii) Long Chain a-Keto-Carboxylic Acids 89
2.2 Dye-Sensitized Photo-Oxygenation of a-Keto-Carboxylic

Acids 90
RESULTS AND DISCUSSION 107
2.3 Direct Photo-Induced Decarboxylation of a-Keto-Carboxylic 

Acids in Deoxygenated Solution 107
2.3(i) Decarboxylation Studies 107
2.3(H) Fluorescence Quenching Studies 113
2.3 (Hi) Flash Photolysis Studies 113
2 .3  (iv) Discussion of the Mechanism 119

2.4 The Effect of Triplet Quenchers U^n the Photo-Induced 
Decarboxylation of a-Keto-Carboxylic Acids 126

2.4(i) Initial Quenching Studies 126
2.4(H) Pyruvic Acid 127
2.4 (Hi) Other a-Keto-Carboxylic Acids 131
2.4 (iv) The Mechanian of Decarboxylation 138
2 . 5  The Direct and Sensitized Photo-Oxidative Decarboxylation

of a-Keto-Carboxylic Acids 142
2 . 5 (i) Direct Photo-Oxidative Decarboxylation 142
2 .5 ( H )  Discussion 148
2 . 5 (Hi) Sensitized Photo-Oxidative Decarboxylation 150
2 . 5 (iv) Acridine Sensitized Photo-Oxidative Decarboxylation 154
2.5(V) Discussion 158
2.6 Dye-Sensitized Photo-Oxygenation of a-Keto-Carboxylic

Acids 166
2.6.1 The Role of Singlet Oxygen 166
2.6.1 (i) Decarboxylation Studies 166
2.6.1(H) Solvent Isotope Effects 166
2.6.1 (Hi) Laser Flash Photolysis Study 168
2.6.1 (iv) Discussion 168
2.6.2 Effect of Oxygen Concentration Upon the Dye-Sensitized 

Photo-Oxidative Decarboxylation of a-Keto-Carboxylic
Acids 173

2.6.2 ( i ) Decarboxylation Studies 173
2.6.2(H) Discussion 176

REFERENCES 182

CHAPTER 3: PHOTOCHEMICAL REACTIONS OF (Z-KETO-CARBOXYLIC
ESTERS

INTRODUCTION
3.1 Direct Irradiation of a-Keto-Carboxylic Esters 187
3.1 (i) Pyruvates and Phenylglyoxylates 187
3.1 (ii) Other a-Keto-Carboxylic Esters 199



Page Number
3.1 (iii) Effect of Oxygen U^n Direct Irradiation 201
3.2 Dye-Sensitized Photo-Oxygenation of a-Keto-Carboxylic

Esters 202
RESULTS AND DISCUSSION
3.3 The Direct Photo-Induced Fragmentation of Alkyl

Pyruvates 207
3.3(i) Object of Investigation 207
3.3O') Photolysis of Alkyl Pyruvates Monitored by

N.m.r. Spectroscopy 208
3.3(iii) Triplet Lifetime Measuranents of Alkyl Pyruvates 224
3.3 (iv) Discussion of the Results and Fragmentation

Mechanism 232
3.4 The Direct Photo-Induced Decarboxylation of Alkyl

Pyruvates 239
3.4 ( i ) Initial Decarboxylation Studies 239
3.4(ii) Photolysis in the Presence of Methyl Viologen 239
3.4 (iii) Discussion 246
3.4 (iv) Decarboxylation in the Presence of Electron Acceptors 250
3.5 The Direct Photo-Cxidative Decarboxylation of a-Keto- 

Carboxylic Esters 256
3.5 ( i) Decarboxylation Studies 256
3.5(ii) Discussion 260
3.6 The Dye-Sensitized Photo-Oxidative Decarboxylation of

a-Keto-Carboxylic Esters 268
3.6(i) Decarboxylation Studies 268
3.6(ii) Discussion 271
3.7 The Direct Photo-Induced Fragmentation of a Series of

Long Chain a-Keto-Carboxylic Esters 277
3.7 (i) Product Studies 277
3.7 (ii) Laser Flash Photolysis Study 281
3.7 (iii) Discussion 284

REFERENCES 287

CHAPTER 4: EXPERIMENTAL
4.1 Instrumentation 289
4.2 Reagents and Starting Materials 290
4.3 Preparation of Materials 293
4.3.1 Preparation of a-Keto-Carboxylic Esters 293
4.3.1 (i) Preparation of Pyruvoyl Chloride 293
4.3.1(H) Preparation of a-Keto-Octanoyl Chloride 293
4.3.1 (iii) Preparation of Benzoylfoimyl Chloride 294
4.3.1(iv) General Method for the Preparation of a-Keto-

Carbcxylic Esters 294
4.3.1 (v) Preparation of Methyl - a - Keto-Octanoate 297
4.3.2 Preparation of 2-Deuterioisopropanol 297
4.3.3 Preparation of Diazcmethane 298
4.4 Photochemical Reactors 298

(a) Ultra-Violet Reactor 298
(b) Daylight Reactor 299



4.5 Gas Flushing and General Irradiation Procedures
Page Number 

299
4.6 Determination of Carbon Dioxide Yields 300
4.7 Determination of Pent-l-ene, Hexaldehyde and

n-Hexanol 301
4.8 Analysis of Photolyses of “̂̂C-Labelled Pyruvic Acids 302
4.9 Analysis of Photolyses by N.m.r. Spectroscopy 303
4.10 Irradiation in the Presence of Methyl Viologen 303
4.11 Rate of Photo-Oxygenation of a-Keto-Carboxylic

Acids Monitored by Polarography 303
4.12 Effect of Quenchers Upon the Rate of Photodecanposition

of a-Keto-Carboxylic Acids 304
4.13 Recording of Fluorescence Spectra and Fluorescence

Quenching Experiments 305
4.14 Laser Flash Photolysis Experiments 306

(a) Rate Constants for Reaction of a-Keto-Carboxylic 
Acids with Singlet Oxygen and Methylene Blue 306

(b) Transient Absorption Measurements 306
(c) Triplet Lifetimes of Alkyl Pyruvates 307

REFERENCES 308



c Æ > =

CHAPTER 1
SELE3CTED ASPECTS OF PHOTOCHEMISTRY AND 

PHOTOCHEMICAL REACTIONS

e a ô ^

A e /A  A A h 6  ̂ ecô-

UÔ-

a A A  /A e

Aû^Aî ....
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S-RT.TYTEn ASPECTS OF PHOTOCHEMISTBY AND PHOTOCHEMICAL REACTIONS 

Preface
Photochemistry, the study of light mediated chemical processes, 

encarpasses many inter-related areas in chemistry and biology. One of 
the most important and elegant photochemical reactions is that of photo
synthesis, the evolution of vhich led to the existence of life on earth, 
and it is this process on vhich all life ultimately depends.

With man's continual consumption of vast quantities of raw materials 
as sources of energy, ve are rapidly exhausting the reserves of these 
raw materials at rates vhich Nature cannot replenish in the short term.
As a consequence, we are looking to new areas vhich will supply man's 
energy needs in the future. One of these areas, vhich is receiving much 
attention of late, is the investigations into the possible ways of 
harnessing solar energy, in the hope that by mimicking photosynthesis 
we could offset the use of raw materials for seme of our energy require
ments.

There has been a rapid and extensive expansion of the study of 
photochanical processes over the last three decades, and the development 
of sophisticated instrumentation has enabled many fundamental photo- 
reactions to be probed and their mechanisms elucidated. Let us hope that 
similar innovations in photochemical research continue, vhich will not 
only quench our thirst for knowledge, but also lead to developments in 
the number of ways which photochemical reactions can be used to man's 
advantage.

The first section of this chapter discusses seme of the basic 
principles of photochemistry. This thesis concerns the photochemical 
reactions, in particular photo-oxidation, of a-keto-carboxylie acids and 
their ester derivatives, seme of vhich are naturally occurring 1,2-di-
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ketones. Therefore, the photochemistry of carbonyl, and sane a-dicarbonyl, 
carpounds is briefly surveyed in the second section, vhilst the final 
section of this chapter deals with photo-oxidation processes.
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1.1 GENERAL ASPECTS OF PHCTOCHEMISTRY

Numerous textbooks have covered the subject of photochemistry in great
detail, for example the publications by Calvert and Pitts,^ Barltrop and

2 3 4Coyle, Cowan and Drisko, and Turro provide excellent reviews of the
topic. The material in the following section is therefore only a basic
introduction dealing with the creation of excited states and their
photophysical parameters.

1.1 (i) ET-TYrrRONTC TRANSITIONS IN ORGANTC MnT.ECrTT.FR
When an organic molecule absorbs a photon of light, an electron is 

promoted from the ground state to an upper excited state, from either a 
filled or partially filled orbital within the molecule. The electronic 
transitions that can occur within organic molecules can be of the type 
a-»-a*, n->-a*, and n^ir*, depending upon the energy of the photon
absorbed and the class of ccnpound irradiated. As depicted in Figure 1.1, 
the transitions a -*■ a * and n a* require the greatest amount of energy and 
are associated with wavelengths in the far-ultraviolet region of the 
electromagnetic spectrum (X < 200 nm) and as such are of limited 
significance in organic photochemistry. The and n->-TT* transitions
(Figure 1.1), requiring less energy, occur in easily accessible regions 
of the electromagnetic spectrum (X >200 nm) and are responsible for the 
majority of organic photochemical reactions. With reference to carbonyl 
carpounds the n-»-ïï* transition is favoured energetically over the tt 
transition and for this reason n,w* singlet and triplet states are 
inportant in the majority of photochemical reactions of carbonyl 
carpounds. ̂

— 3 —



Energy

n

Transition 

Excited state formed
a —* a

a, a
n — ►0’* TT— ►TT* n — ►x*
n,(7

FIGURE 1.1
The electronic excitation processes in organic molecules
(vhere n = non-bonding orbital; a and tt = bonding orbitals; 
a* and tt* = anti-bonding orbitals)

1.1 (ip PHOTOPHYSICAL PROCESSES CF THE EXCITED STATE
Most organic molecules have ground states in vhich both the electrons 

are spin paired and are designated as singlet (S©) states. Upon absorp
tion of a photon, an electron is promoted to a higher energy level of the 
same multiplicity, for example. Si, Sz or Sn vhere n denotes the n^^ level 
of the singlet state. The energy level to which the electron is initially 
promoted is dependent upon the energy of the photon absorbed. Each energy 
level has sub-divisional vibrational energy levels associated with it and 
the electron rapidly relaxes from an upper vibrational level to the lowest 
vibrational level within the electronic state by vibrational cascade, the 
excess energy being lost to the surroundings by intermolecular collisions.

Internal conversion then ensues, vhereby the electron undergoes a 
radiationless passage fron the lowest vibrational level of an upper
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electronic state to a higher vibrational level of a lower excited state, 
via this iso-energetic process, for example Sz -̂ Si.

Upon reaching the lowest vibrational level of the Si state, a number 
of processes can occur. The molecule may:-

(a) undergo internal conversion and vibrational cascade to the 
ground state (So), losing energy to the surroundings as 
heat.

(b) spontaneously emit a photon of light and return to its 
ground state (Sq) by a rapid (~10“̂  s) radiative process 
known as fluorescence.

(c) chemically react with, or transfer its electronic energy, 
to another molecule, or react intramolecularly producing 
new chemical species.

or (d) undergo intersystem crossing to the lower energy triplet 
state, involving the normally forbidden process of spin 
inversion of an electron.

If intersystem crossing occurs, the molecule relaxes to the lowest 
vibrational level of the lower triplet state (Ti) by vibrational cascade 
and internal conversion. The molecule can then undergo similar processes 
from the triplet state (Ti) as those described for the singlet state (Si) 
above. For example, radiationless conversion to the ground state (Sq ) 
and/or intra- or bimolecular chemical reactions can occur. A quantum of 
light may be emitted in relaxation to the ground state (So), in a 
relatively slow (10"̂  - 10"̂  s) radiative process, similar to (b) above, 
known as phosphorescence. Phosphorescence is a much longer-lived process 
than fluorescence as it involves the spin inversion of an electron. Due 
to the forbidden nature of this process, triplet states are usually more 
stable in comparison to singlet states and have longer lifetimes.

-5-



Although chemical reaction can occur frcm both the singlet and triplet 
states, as a consequence of the differences in the excited state life
times, chemical reactions more ccmnonly proceed frcm the triplet state.

The photophysical processes involved in the interconversion of 
excited states can be conveniently represented by a diagram similar to 
that first used by Jablonski® as shown in Figure 1.2.

ISC

ISC
SC

FIGURE 1.2
Modified Jablonski diagram showing sane of the radiative 
( — ► hVA = Absorption; hvp = Fluorescence; hvp = Phosphorescence) 
and non-radiative VC = Vibrational cascade; IC= Internal
conversion; ISC = Intersystem crossing) processes available to 
molecules.

1.1 (iii) SENSITIZATION AND QUENCHING BY ENERGY TRANSFER
An excited molecule in either the singlet or triplet state may be 

deactivated by transfer of energy to another molecule having lower lying 
singlet or triplet energy levels, the excited molecule returning to the
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ground state v^lst the other molecule is elevated to a higher energy 
state. The excited molecule can be referred to as the donor (D), the 
other molecule being the acceptor (A) and the energy transfer process 
can be summarised sinply by Equation 1.1.

D* ♦ A —►Do + A* (1-1)

The overall process can be considered as either the donor molecule 
sensitizing the formation of an excited state of the acceptor, or as the 
acceptor molecule quenching the excited state of the donor. Thus, the 
donor molecule can be regarded as a photosensitizer and the acceptor 
molecule can be regarded as a quencher. The acceptor molecule can 
quench either the singlet or triplet state of the donor and result in 
the sensitization of the acceptor molecule to either its singlet or 
triplet state, as outlined in Scheme 1.1.

°So +

(1) ASo

°S o —  “S, — -------► “t,

(4)

Scheme 11

Scheme 1.1 shows four inportant types of energy transfer processes 
as follows

(1) Singlet-Singlet energy transfer; This takes place over relatively 
long distances and gives rise to an excited singlet state of the acceptor 
as a result of energy transfer frcm the donor's excited singlet state.

— 7 —



Thus, if there is sufficient overlap of the emission spectrum of the 
donor and the absorption spectrum of the acceptor, the donor fluorescence 
is quenched and acceptor fluorescence is sensitized. An exanple of 
singlet-singlet energy transfer is the sensitization of biacetyl 
fluorescence by energy transfer frcm singlet state acetone, in cyclo-

7hexane solution, (Equation 1.2).

(C H jljC O  CHjCOCOCHj^® — ► (C H g l.C O ^  + CHjCOCOCHs^ (1-2) 

Donor Acœptor

(2) Triplet-Triplet energy transfer; In this case an excited donor 
in its triplet state produces an excited acceptor in its triplet state.
As the lifetime of the triplet state is longer than that of the singlet 
state, the greater the probability that the donor's triplet state will 
participate in energy transfer processes carpared to the singlet state. 
Indeed, triplet-triplet energy transfer is the most caimon and most 
irrportant type of energy transfer in organic photochemistry, as 
exemplified by the sensitization of triplet naphthalene by triplet

gbenzophenone, in benzene solution, (Equation 1.3).

Donor Acceptor

(3) Triplet-Singlet energy transfer : In solution, energy transfer 
frcm a triplet donor to an acceptor to give the excited singlet state of 
the acceptor is relatively rare, however triplet-singlet energy transfer 
frcm thermally produced triplet acetone to appropriate acceptors, such 
as 9,10-dibrcmoanthracene, has been observed.^ In this case, which 
utilises a cheniluminescence technique, the thermolysis of tetramethyl-

— 8 —



1,2-dioxetane yields triplet acetone which undergoes triplet - singlet
energy transfer to 9,10-dibrcmoanthracene to give the singlet state of

9the anthracene derivative, (Equation 1.4).

0 — 9 ^  0 ^’
)l \ Acceptor

Donor

(4) Singlet-Triplet energy transfer; This is the rarest of the 
four energy transfer processes and involves an excited singlet donor and 
ground state singlet acceptor to produce an excited triplet acceptor.
For example, the fluorescence of 9,10-dibrcmoanthracene is quenched by 
naphthalene, in toluene solution, to give triplet naphthalene,^^ 
(Equation 1.5).

Br Br

(1 4)

(15)
Acceptor

Oxygen is an efficient quencher of the excited states of organic 
molecules and often gives rise to the formation of oxygen molecules in 
the excited singlet state, (Equation 1.6). The formation of singlet 
oxygen by this process is discussed further in Chapter 1.3.

-9-



If the (xsncentraticn of the dmor molecule is high, then a bimolecular 
self-quenching process can result. An exanple of such self-quenching is 
triplet-triplet annihilation, vhereby deactivation of two donor molecules, 
both in their excited triplet state, occurs giving rise to a donor mole
cule in an excited singlet state and a donor molecule in the ground 
state, ^sterns which are subject to quenching via triplet-triplet 
annihilation often show delayed fluorescence vhich emanates frcm the 
donor molecule that is generated in its excited singlet state, as shewn 
in Scheme 1.2. Triplet-triplet annihilation has been observed for 
anthracene and naphthalene in n-hexane solutions, biacetyl in benzene 
solutions and benzophenone in freon, for exanple.

0 *+ (1-6 )

i
(where hi' = delayed fluorescence) 

DF 

Scheme 12

Concentration quenching can also lead to deactivation of the singlet 
state characterised a decrease in fluorescence intensity with 
increasing amounts of the cotpound under investigation. The fluorescence 
quenching vhich is observed in such cases results from interaction of a 
molecniLe in its excited singlet state with a molecule of the same species 
in its ground state to produce an excited dimer or excimer, (Equation

— 10”



1.7). For exairple, pyrene fluorescence is progressively quenched as the
concentration of pyrene in the solution is increased and this is
accaipanied by the grcwth of a broad structureless emission band,
corresponding to the pyrene excimer, at longer wavelength than the

12pyrene fluorescence.

♦ D ► ( DD)* oS* + []S« + hy (17)

1.1 (iv) HEAVY ATOM EFFECTS
Inter system crossing to the triplet state of an arcmatic hydrocarbon 

is enhanced by the presence of halogens, or other heavy atoms, and a 
reduction in the fluorescence quantum yield of the molecule is observed, 
(Equation 1.8).

•  “ ha —  •  “ ha "  "

(where heavy atom quencher)

There are two ways by which a halogen can enhance inter system crossing
and quench the fluorescence of an arcmatic molecule. Firstly, if the
heavy atcm is incorporated into a molecule of the arcmatic hydrocarbon
it can quench intramolecularly. For example, substitution of hydrogen
by halogens at the 1-position of naphthalene reduces the fluorescence

13quantum yield and increases the phosphorescence quantum yield, (Table 
1.1).

Secondly, if the heavy atcm is present in the environment of the 
aromatic hydrocarbon it can quench intermolecularly. For example Xenon, 
vAien administered into a solution of an arcmatic hydrocarbon, such as 
anthracene or naphthalene, has been shown to quench the fluorescence and 
enhance the rate of triplet formation of the molecule.Similar inter-
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molecular quenching effects are observed frcm the quantum yields of 
fluorescence and phosphorescence of arcmatic hydrocarbons in different 
halogenated solvents as exemplified by the study of naphthalene in 
halogenated propanes, ̂ ̂ (Table 1.2).

TABLE 1.113

Compound Quantum Yields
Fluorescence Phosphorescence

Naphthalene 0.55 0.055
1 -Chloronaphthalene 0.058 0.3
1 -Brcmonaphthalene 0.0016 0.27
1-lodonaphthalene <0.0005 0.38

(a) Data for rigid solution at 77 K

TABLE 1.215

Solvent
/ o XNaphthalene Quantum Yields

Fluorescence Phosphorescence
Ethanol/Methanol 0.55 0.055
1 -Chloropropane 0.44 0.08
1 - Bronopropane 0.13 0.24
1-Iodopropane 0.026 0.35

(a) Data for rigid solution at 77K

1.1 (v) QUENCHING VIA ELECTRON TRANSFER
That quenching of excited states of organic molecules can occur via 

electron transfer processes is well documented, however doubt exists 
as to the exact nature of the intermediate species involved, which could 
be an exciplex or an encounter conplex. Complete electron transfer 
occurs in polar solvents leading to the formation of solvent separated
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radical ion pairs. In non-polar solvents incaiplete electron transfer 
m y  occur to form an intermolecular charge-transfer carplex in an excited 
state (termed an exciplex), vMch m y  relax by either a radiative or 
non-radiative process. The parameters for the above mechanisms of 
electron transfer quenching are surmarised in Scheme 1.3.

D %  A — ► (D*- -A )
encounter complex p. .

non- 
radiative

non-polar
\so lventpolar

solvent

(DA)"
exciplex

A*
or radiative

0  ̂ ♦ A- 
solvated ion pair

Scheme 1*3

The first exanple of exciplex emission was the finding of new
structureless fluorescent bands in the spectrum of perylene quenched

17by aromtic amines in non-polar solvents. Radical ion formtion has 
been observed in the reactions of various singlet state arcmtic hydro
carbons with amines in aprotic polar solvents which give rise to hydro-

18carbon radical anions and amine radical cations.

1.1 (vi) mTRAMOLEXJILAR ENERGY TRANSFER
Energy transfer can also take place between different chrcmophores 

within the same molecule^ and is termed intramolecular energy transfer. 
For exanple, both singlet and triplet energy transfer have been studied
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in the corpound

(where n = 1,2,3j

Using an excitation wavelength of 313 nm the naphthalene moiety is 
prcanoted to its singlet state. Singlet energy transfer to the benzo- 
phenone moiety then proceeds with high efficiency (n = l, 98%; n= 2, 80%; 
n = 3, 94%). Inter system crossing ensues, with unit efficiency, forming 
the benzophenone triplet v^ch then undergoes triplet energy transfer to 
naphthalene (n = 1, 2,3, 100%) to yield the naphthalene triplet ̂ ^̂ lich, 
if in a low teirperature glass, undergoes phosphorescence. Using an 
excitation wavelength of 366 nm starts the above process at the benzo
phenone singlet state.

1.1 (vii) UTILISATION OF SENSITIZATION AND QUENCHING STUDIES
Sensitization and quenching are two irrportant photochemical techniques 

which can be used to probe and elucidate the excited state frcm vM.ch a 
photochanical reaction occurs. For exarrple, photosensitization can 
create excited states vdiich may be difficult to obtain by direct irradia
tion and often provides a route to products vÆiich otherwise could not be 
derived frcm direct photolysis of a ccnpound. Quenching studies can be 
used to determine relative rates of photochanical reactions in addition 
to revealing the excited state frcm vAiich the reaction occurs.

The kinetics of photochanical quenching are described by the Stem- 
21Volmer equation below, (Equation 1.9). This equation can be applied 

to many types of quenching studies including fluorescence, phosphorescence
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0
° = 1 + k q r  [Ql II 9)

vAiere = quantum yield in the absence of quencher
= quantum yield in the presence of quencher at a 
concentration [Q]

kq = quenching rate constant
and T = lifetime of the excited state in the absence of 

quencher.

and product quenching experiments. By representing the data graphically, 
in the form of a Stem-Volmer plot, a great deal of information regarding 
the quenching process can be obtained. A plot of versus [Q],
under ideal conditions, will result in a straight line with an intercept 
at 1 and a gradient = kqT and if one of these values is known (either 
kq or T) then the other can be calculated.

It should be pointed out that there are several important factors 
v^ch need to be taken into consideration in the design of an effective 
quenching experiment. For exanple, the incident radiation should not 
directly excite the quencher molecules, and if a product quenching 
investigation is to be performed it is desirable to use low conversion 
rates (<10% photochemical reaction) to ensure that any possible inter
ference of the quenching process by reaction products is minimised.

In summary, the greater the difference between the triplet energies 
of the sensitizer and quencher molecules, the more efficient is the 
sensitization, or quenching, process. The triplet energies of seme

22carmonly used triplet sensitizers and quenchers are given in Table 1.3. 

l.Kviii) SIM̂ ATOT
Sane of the basic principles involving the creation and deactivation 

of excited states of organic molecules have been discussed. Scheme 1.4
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TABLE 1.322

Ccnpound Et (kcal/mole)
Acetone -78
Xanthone 74
Benzophenone 69
Anthraquinone 62
Naphthalene 61
Cyclopentadiene 58
Biacetyl 55
Cyclohexa-1,3-diene 53
Pyrene 49
Anthracene 47
Perylene -35
Tetracene -29
Oxygen -23

siJitmarises the possible quenching mechanisitis which can occur for an 
23excited molecule.

Photochemical Productsquenching

D*
Self-quenching

Photophysical
quenching

'Impurity' quenching

Electron transfer

Energy transfer

SCHEME 1.423

The process of photophysical quenching, vhich does not lead to new 
ground state products, can be sub-divided into self-quenching, where the 
quenching molecule is D, and ' impurity ' quenching vhere the quenching 
molecule is another chonical ccnpound ,Q. Irrpurity quenching can be 
further classified into electron transfer, heavy atcm and energy transfer 
processes for example. Photochemical quenching leading to the formation
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of products encanpasses the v^ole of organic photochemistry and is dis
cussed in relation to carbonyl carpounds in the next section.
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1.2 PHOTOCHEMICAL REACTIONS OF CARBONYL COMPOUNDS

In addition to the previously described processes v^ch are available 
for deactivation of excited molecules, photochemical reaction, leading
to the formation of new chemical ccmpounds, may also occur. The photo-

5 24 25chemistry of carbonyl and a-dicarbonyl carpounds ’ have been reviewed
and the following section serves as a resume which highlights seme of the
important characteristic reactions of carbonyl carpounds vÈien irradiated
in degassed solution. The effect of oxygen upon such reactions is
discussed in the final part of this section.

1.2 (i) g -CLEAVAGE
Cleavage of the carbon-carbon bond a to the carbonyl portion of a 

molecule is referred to as a-cleavage or Norrish Type I cleavage.
The primary photochanical process Involves a simple cleavage into 

free radicals, followed by secondary reactions which include decarbonyla- 
tion of the acyl radical and subsequent radical recanbination as outlined 
in Schone 1.5.

R -C  - R R -C ’ +'R"̂II II0 0
R —C" —► R* + COII

0
r- + . r' - ^  r - r '

(where, for example, R = alkyl or aryl; 

r" = -  H or alkyl ) 

Scheme 15

The above Scheme 1.5 is general for many carbonyl carpounds and the 
cleavage reaction can occur fran both the excited singlet and triplet
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States.
Irradiation of di-t-butyl ketone in pentane solution produces several 

products derived from an initial a-cleavage reaction, (Scheme 1.6).

(CHJ;C=CHz+ (CHjljCH

u t
hv0II 0

II

3'3

I

Scheme 16

In seme cases, molecular rearrangement can occur without decarbonyla-
tion. For exanple, cyclic g, y -unsaturated ketones undergo photochemical
rearrangement, via a mechanism suggested to involve a-cleavage followed
by rearrangement of the radical so produced, to yield g, y -unsaturated

27ketones possessing exocyclic olefinic linkages, (Equation 1.10).

hv > (MO)

With reference to a-dicarbonyl carpounds, such as biacetyl and benzil,
cleavage of the carbon-carbon bond between the two carbonyl j groups is
highly inefficient in aprotic solvents due to the fact that deactivation
is much faster than bond cleavage. However, product studies have been
carried out on several highly strained a-diketones and although no
mechanistic evaluations were performed the formation of products can be

28 29rationalised by initial a-cleavage followed by decarbonylation. ’
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For exairple, the highly strained [4.4.2]propella-3,8-diene-11,12-dione
28undergoes decarbony lation upon irradiation in various solvents, 

(Equation 1.11), and 3,4-di-t-butylcyclobutanedione yields di-t-butyl-

hv 00+ 2C0 (M l)

29cyclcpropanone and carbon monoxide upon photolysis, (Equation 1.12)

,.0
0 + CO (1 12)hy

1.2 (ii) /3-CLEAVAGE
Although g-cleavage is not formally a Type I process it does bear

close similarity to a-cleavage. g-Cleavage is observed in ccinpounds with
relatively weak -Cg bonds and results in the hemolytic cleavage of

30 31this bond, as exemplified by cyclcprcpyl ketones ’ and a,g-epoxy-
ketones .32

The first report of a g-cleavage process was the formation of methyl-
30propenyl ketone frcm methylcyclopropyl ketone, (Equation 1.13).

hï'
(113)

The mode of bond cleavage vÆiich predominates, either a- or 3- cleavage,
31is sensitive to alkyl substitution as shown in Equation 1.14.

0 0 0 
hJ-, R r - C H a  ^

a-cleavage
hy,R = -  H 
 ►
jS-cleavage

R
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a,3-Epoxyketones undergo g-cleavage to yield 1,3-diketones via methyl 
32group migration, (Equation 1.15).

CH3 H 
I I 

CgHg-C —  C -C  — CH,
® \  /  II ®0 0

CH, H 
I I 

CgHg-C—  C -C -C H 3  

h 0

H
I

C ^ g -C -C -C -  CH3 (115)II I II
° CH,0

1.2 (iii) INn^AiyPLECULAR HYDROGEN ATCM ABSTRACTION
Irradiation of carbonyl ccnpounds containing y-hydrogen atans, in 

addition to Norrish Type I cleavage products, yields products which can 
be explained by a mechanism involving an intramolecular hydrogen 
abstraction reacrtion, often referred to as a Norrish Type II process.
The products of such a fragmentation reaction are an alkene, a carbonyl 
carpound initially formed as the enol tautcaner and often a cyclobutanol 
derivative. A diradical species is the ccnmon intermediate for the 
formation of the products with the cyclisation pathway being a minor 
process in seme cases. A general mechanism for the Norrish Type II 
process is shown in Scheme 1.7.

A wide variety of carbonyl ccmpounds fragment via a Norrish Type II 
process, including aliphatic ketones and long chain aliphatic a-diketones. 
The reaction can proceed frcm either the excited singlet or triplet state, 
or both excited states may contribute to the fragmentation reaction.

The fragmentation of hexan-2-one serves as an exairple of the Norrish
33Type II process, (Equation 1.16).

OH

A (1 16)

OH
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R OH

t l “'t cyclisation

H 0/ i , hy 
(R ),-C  C -R

y
(R ),-C  C -R

HO
\ ,

(RL-C -C -R
W

I cleavage

H O -C -R  + (R),C=CH.
Il
CH,

0 = C -R

CH,

(where, for example, R and R = -  H and/or alkyl)

Scheme 17

With respect to a-diketones cyclisation, to yield cyclobutanol 
derivatives, is often favoured over fragmentation to give other products, 
(a finding which may be due to the greater stability of the intermediate 
radicals derived frcm a-diketones), as exemplified by the reaction of 
5,6-decanedione in cyclohexane solution yielding 2-butyl-3-ethyl-2- 
hydroxycyclobutanone, (Equation 1.17).

hy

o
C . H g - C - C - C ^ H g

II II0 0 C.H, (117)

OH

It should be noted that carbonyl carpounds viiich lack a hydrogen atcm 
in the y-position often give products formed by hydrogen abstraction frcm
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another position as shown by the reaction of o-benzoyloxybenzaldehyde
35to yield 2 -phenyl-3 -hydroxy- 2,3 -dihydrobenzofuran, (Equation 1.18).

C C " “ ^  C r t "^ ^ O C H , C g H g

1.2 (iv) INTERMOIiECÜLAR HYDROGEN ATCM ABSTRACTION
A widely studied reaction is that of the photoreduction of an excited 

carbonyl carpound in the presence of molecules with easily abstractable 
hydrogen atans, for exanple alcohols. A generalised mechanism for the 
process, viiich involves radical formation and subsequent dimérisation, 
is shown in Scheme 1.8.

R \  . R %
C = 0 ♦ CHOH

R'^ R,.x

i
ff

C —OH + — OH
R' R

dimérisationi
R R 
I I 

R - C - C - R '"  
I I 
OH OH 

(where R R* R "and R"'= alkyl and/or aryl) 

Scheme 18
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An example of such a photoreduction reaction, which is often used as
a standard in quantum yield determinations,^® is that of the photolysis
of benzophenone in the presence of benzhydrol leading to the formation

37of benzpinacol via the dimérisation of the resulting ketyl radicals, 
(Scheme 1.9).

(CgHs),C=0- + (CgHg),CHOH

I
[ (C g H g ),C -O H  ♦ (C gH g),C -O H ]

i
(CgHg)-C-C-(CgHg),

OH OH 

Scheme 1*9

As benzophenone undergoes inter system crossing with high efficiency,
photoreduction is observed only frcm the triplet state of benzophenone.
A similar photoreduction reaction occurs when benzophenone is irradiated

38in isopropanol solution.
The photoreduction of biacetyl has been studied in a number of solvents

39containing abstractable hydrogen atoms and the reaction mechanisms in 
each case can be rationalised on the basis of initial hydrogen abstraction 
frcm the solvent by excited biacetyl, followed by reaction of the radicals 
so formed, as opposed to a mechanism involving a-cleavage. Although 
biacetyl does not undergo intersystem crossing with as high an efficiency 
as benzophenone, the triplet state of biacetyl may well be involved in the 
hydrogen abstraction process. Thus, the irradiation of biacetyl in iso
propanol solution gives acetone and a nearly quantitative yield of a

39mixture of diasterecmeric pinacols in approximately equal amounts.
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(Equation 1.19).

0 0 
CH3 - C - C - C H 3  ♦ (CH jl jC H O H

0 O H O H q
hu II I t II
— ► C H ,~C “ C ~ C - C - C H ,  ♦ (C H ,) .C = 03*2

CH3 CH3 ( 1 19)

Similarly, vÈien benzil is irradiated in cyclohexane solution a carplex 
mixture of producrts including benzaldehyde, phenylcyclohexyl ketone, 
benzoin benzoate and benzoin are obtained via a mechanism suggested to 
involve initial hydrogen atcm abstraction fran cyclohexane by excited 
state benzil.

1.2 (v) PHOTOCYGLOADDITION REACTIONS
The Irradiation of carbonyl ccmpounds in the presence of alkenes

generally leads to oxetanes as photocycloaddition products. For exanple,
41benzophenone undergoes photocycloaddition reactions with alkenes and 

42conjugated dienes to yield oxetanes, (Equation 1.20).

0 — 1

CgHg
CeHs

hv

A I = 0
hv

w < (120)

Analogous reactions have also been observed for cyclic ketones, for 
exanple, cyclohexenone undergoes a photochemical [2 + 2] cycloaddition 
reaction with ethene to give bicyclo [4.2.0] octanone, (Equation 1.21) ,

+ CH.= CH hv

u

(1 21)

Cyclopentenone upon irradiation yields products of photocyclodimerisa- 
44tion, (Equation 1.22).

Intramolecular oxetane formation via an intramolecular photocyclo-
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h v

u u V

(1 22)

addition reaction has been observed for a,3-unsaturated ketones, 
(Equation 1.23).

0
' -0

45

hr
(1 2 3 1

Similar intramolecular oxetane formation occurs with certain a- 
dicarbonyl carpounds'̂ ® as shown in Equation 1.24.

hy
(124)

Although biacetyl does not form cycloaddition products upon irradiation
39 47in the presence of alkenes, ’ the a-diketone, benzil, has been found to

undergo oxetane formation viien photolysed in the presence of vinylene 
48carbonate.

1.2(vi) REACTIONS IN THE PRESENCE OF OXYGEN
The effect of oxygen upon the photochemical reactions of carbonyl and

a-dicarbonyl ccmpounds has not been as extensively investigated as the
reactions under degassed conditions. The mechanistic details of the
reactions performed In the presence of oxygen are, in many cases, obscure
and are exemplified by the following photolyses.

On irradiation in oxygen saturated solution, the cyclic ketone,
48menthone, yields an unsaturated acid via the mechanism suggested in 

Scheme 1.10.
Oxygen has been used to trap the 1,4-diradicals produced in the
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hy
ôT COjH

Scheme 1 10

Norrish Type II reaction of carbonyl ccmpounds. For example, the 1,4-
diradical produced in the Type II reaction of y -phenylbutyrophenone has

49been intercepted by oxygen to yield a hydroperoxide, (Equation 1.25),.

hy
(1-25)

That the hydroperoxide results frcm trapping of the 1,4-diradical and 
not frcm reaction of oxygen with the triplet state of y-phenylbutyro
phenone can be confirmed by kinetic studies utilising laser flash 

49photolysis. The interaction of oxygen with radicals derived frcm long-
lived carbonyl triplets is less readily observable as triplet quenching
by oxygen may affect the radical forming reaction. Attanpts to trap the
radical intermediates derived frcm the intermolecular addition of ketones
to various substrates with oxygen have been largely unsuccessful.
However, oxygen has been found to intercept the diradical formed in the
photocycloaddition of benzoquinone to cyclooctatetraene,^^ (Scheme 1.11),

Tetramethylcyclobutadione yields several products, including tetra-
methylcyclopropanone, corresponding to loss of carbon monoxide under

51 52degassed conditions. ’ The presence of oxygen in the reaction mixture 
drastically changes the course of the reaction with acetone, carbon
monoxide, carbon dioxide and tetramethylethylene oxide being produced. 51,52
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• ^ " - b

% / diradical 
trapping

Scheme 111

Presumably tetramethylcyclcpropanone is initially produced which under
goes addition with oxygen to yield the observed products, as shewn in 
Scheme 1.12.

In conclusion, it is of interest to note that ct-dicarbonyl ccmpounds 
upon irradiation in oxygenated solutions containing various alkenes have 
been found to sensitize the epoxidation of the alkene.For example, 
irradiation of tetramethylethylene in oxygenated benzene solutions 
containing either biacetyl or benzil leads to the epoxidation of the 
alkene, (Equation 1.26).

hv.Oj, CgH,
biacefyl/benzil (1 2 6 )

1.2 (vii) SUMMARY
Carbonyl and a-dicarbonyl ccmpounds are capable of undergoing a wide 

variety of photochemical reactions in solution v^ch lead to the formation 
of new chemical ccmpounds. In seme cases, direct cleavage occurs to yield
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b  = c=0 ♦ CO * )=(

h v
degassed 
conditions

ihxl 0: 
0

\
CO >

V

0-0

Scheme 1-12

radicals vAiich undergo further reaction to give the observed products. 
Mechanisms involving hydrogen atcm abstraobion are also important in the
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photochemical reactions of carbonyl ccmpounds and can be inter- or 
intramolecular in nature. When possible internal hydrogen atcm abstrac
tion is generally preferred over hydrogen abstraction frcm the solvent. 
In the presence of suitable substrates, cycloaddition reactions are 
observed. The presence of oxygen markedly affects the course of the 
reactions.
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1.3 MECHANISMS OF PHOTOCHEyilCAL OXIDATION REACTIONS 

Preface
Mclecular o^gen is a powerful oxidising species which can undergo 

reaction with a wide variety of organic substrates. In aerobic 
organisms the reactivity of oiygen, with biological molecules, is 
subject to finite control by the organism's metabolism in order to 
prevent cc^gen reacting indiscriminately with the numerous molecules 
necessary for the maintenance of life. As the ground state of oxygen 
is a triplet it is prevented from reacting with the wealth of singlet 
ground state organic carpounds by a spin barrier. The highly reactive 
excited states of oxygen are hovever singlets and it is only by controll
ing this triplet-singlet barrier that the requirements for the continued 
maintenance of life can be attained.

1.3 (i) INTRCDUCTICN
Ihe electronic configuration of molecular oxygen was first interpreted 

by Mulliken®^ who predicted three states for the o:^gen molecule, 
spectroscopically denoted as Ẑg, Âg and Ŝg respectively. The outer
most pair of the electrons in the molecule are located in the two highest 
occupied molecular orbitals. These orbitals are degenerate and the 
electrons have their spins parallel which makes the ground state a
triplet (̂ Zg) and accounts for the paramagnetic properties exhibited by

54ground state molecular oxygen. Mulliken suggested that two other 
arrangements of these two outermost electrons are possible and should 
give rise to two low-lying singlet states (̂ Ag and 2̂g), which were both 
later identified by spectroscopic studies. The spectroscopic observation 
of the ^Zg state, 37.5 kcal above the ground state, was r^)orted by 
Childs and Jfecke.̂  ̂ Later, Ellis and Kneser^^ and Herzberg^^ independently
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reported the observation of the Âg state, 22.5 kcal above the ground 
state. These two low-lying states were classified as singlets as a 
consequence of their outer electron pairs having anti-parallel spins. 
Thus, the first excited singlet state of molecular oxygen (̂ Ag) has the 
two electrons with anti-parallel spin in one orbital, whilst the second 
excited singlet state has the two electrons also with anti -parallel
spin, but in this case each of the electrons occupies one of the 
degenerate orbitals. These electronic configurations of molecular 
oxygen are shown schematically in Figure 1.3.

Molecular oxygen 
Second excited state (̂ Zg)

First excited state (̂ Ag)

Ground state (̂ Zg)

Occupancy of the 
highest orbitals
_L 
JL

Energy difference with 
the ground state
37.5 kcal/bole

22.5 kcal/hole

FIGURE 1.3

That singlet molecular ô Q̂ gen was the active intermediate in oxidations
performed in the presence of a dye, light and oxygen (or air) was first
proposed by Kautsky and de Bruijn in 1931. Earlier reports of oxidation
reactions in the presence of a dye, light and oxygen had appeared^^
although the mechanisms of these photo-oxidations were uncertain and none
invoked free singlet molecular oxygen as the reactive species.

62Kautsky and co-workers later reported that if the dye and the
substrate were physically separated on silica gel sipports, photo -oxidation

62could still occur. It was proposed that the reactive singlet state of 
oxygen responsible for bringing about oxidation wes the Ẑg state and in 
a gaseous form diffused frcm the dye/silica particles to undergo reaction
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63with substrate/silica particles. Gaff ran subsequently found that dyes
with energies of less than 37.5 kcal/tnole could sensitize photo-oxidation 
reactions and this, together with the spectroscopic observations of the 
^Ag state of o x y g e n , l e d  Kautsky to revise his mechanism to include 
the first excited singlet state of molecular oxygen.

In retrospect it seans surprising, in spite of Kautsky's elegant 
experiments, that his deductions did not convince his conterrporaries 
and were generally ignored in favour of a moloxide mechanism proposed 
initially by Schonberg. The moloxide mechanism, vhich involves the 
formation of an unstable sensitizer-oxygen carplex capable of transferring 
oxygen to an acceptor molecule, was later supported by Schenck^^ and 
became the generally accepted mechanism for photo-oxcidation reactions, 
in total disregard to any involvement of singlet oxygen.

The participation of singlet oxygen in photo-oxcidation reactions, 
discovered in the 1930's by Kautsky, was later 're-discovered' in the 
early 1960's ly several groups who found that singlet oxygen, produced 
by chemical methods, could oxcLdise a variety of organic substrates to 
give products similar to those obtained frcm dye-sensitized photo
oxygenations. In 1964, Foote and V ie x le r reported that oxcidation with

68singlet oxygen produced by the peroxcLde-hypochlorite reaction gave rise 
to identical products to those formed in the analogous dye-sensitized 
reaction. At the same time Corey and Taylorreported similar 
observations using singlet oxygen generated b y electrical discharge. 
Although these experiments^did not provide unambiguous evidence for 
the intermediacy of singlet oxygen in photo-oxygenation reactions, they 
did however substantiate Kautsky's original proposal and provide the 
basis for the rapid expansion of investigations into the chemistry of 
singlet oxygen which has subsequently followed.
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In the gaseous form the radiative lifetime of the Âg state of oxygen 
is around 45 minutes^^'^^ and that of the Êg state is around 7 
s e c o n d s . D u e  to intermolecular collisions these lifetimes are 
dramatically reduced in solution and are estimated at around 10"̂  and
1 0 seconds for the Âg and ^Eg states of oxygen respectively.^^ It is

74  ̂ +now appreciated that in solution the Eg state rapidly relaxées to the
^Ag state ty collisional quenching interactions and as such reactions of 
the Êg state in solution are uncertain. Presently the reactive inter
mediate in solution phase photo-oxcidations is considered to be the first 
excited singlet state (̂ Ag) of molecular oxygen and hereafter singlet 
oxygen or 0̂% refers to the Âg state of oxygen unless otherwise 
mentioned.

Since the work carried out in the early 1 9 6 0 much has been 
learnt regarding the properties and chemistry of singlet oxygen in 
relation to its interaction with a vast number of other molecules, the 
reports of vhich have been abundant in the literature. Many excellent 
reviews have also appeared. The following sections sunmarise
sane of the more important aspects of the properties of singlet oxygen 
and do not represent an exhaustive critique of the reports constantly 
appearing in the current literature.

1.3 (ii) TYPE I AND TYPE II PROCESSES
Photo-oxd.dation reactions can be defined as those in which a substrate, 

A, under the action of light, in the presence of molecular oxygen is 
transformed into the addition product, AO2. It is necessary to 
distinguish between the two mechanisms which can be responsible for such 
photo-oxcidation reactions, classified as Type I and lype II processes 
respectively.
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Type I processes involve the participation of radicals in the oxidation 
reaction. The radicals can be produced ly either hydrogen or electron 
transfer frcm a reducing substrate (RH or R) to a triplet sensitizer, 
(Scheme 1.13).

Sens^^ + RH Hydrogen ̂  .g^nsH + R* 
transfer

SensTi + R Electron.
transfer

SCHEME 1.13

The interaction of oxygen with the radicals so produced (Scheme 1.13) 
tl^n brings about the oxcLdation of the substrate in vhich the stperoxcide 
radical anion (O2*) or its conjugate acid (HO2' ) may participate.
Hydrogen peroxd.de, produced by the disproportionation of HO2', may also 
be involved.

The chemistry of Type I processes is often very caiplex due to the 
number of possible pathways open for reaction and the mechanisms of 
these reactions require careful ex^rimental scrutiny utilising techniques 
such as flash spectroscopy or chemical trapping to probe the radical 
intermediates.

The Type II process, vhich is not radical in nature, involves the 
intennediacy of singlet oxygen which undergoes direct reaction with a 
substrate to give the oxcLdation products. There are a number of ways in 
which singlet oxygen can be produced and these, together with the 
characteristic chemical reactions of singlet oxygen, are discussed in 
later sections.
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1.3 (üi) METHODS OF GENERATION OF SINGLET OXYGEN

(a) Energy Transfer
Singlet oxygen can be conveniently produced by energy transfer frati 

the excited state of a sensitizer, usually in its triplet state, to 
ground state oxygen. The sensitizer is first excited to its singlet 
state, via irradiation with light and can then undergo intersystem 
crossing, to give the triplet state of the sensitizer, or return to its 
ground state. Ihe triplet sensitizer so produced can then undergo 
energy transfer to ground state molecular o:ygen to yield singlet o:q̂ gen 
viiich, in turn, can react with a substrate (A) or return to its ground 
state, as surrmarised in Scheme 1.14 and Figure 1.4.

Sens So SensSi

Sens^^ Sens
Sens^^ +

A  +

Sens^° + Ôz
AO:

Ôz — ^ Ôz

SCHEME 1.14

ISC^Sens
Sens

Sens AO,

Fig. 1 4

It should be noted that in sate cases of self-sensitized photo
peroxidations of aronatic hydrocarbons, singlet o^^gen formation has been
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observed as a result of quenching of the excited singlet state of the
76 77aronatic h y d ro c a rb o n . ’ Indeed, the highly fluorescent aronatic

hydrocarbon rubrene was reported to lead to singlet oxygen production
76 77with quantum yields in excess of unity via the following mechanism, ’ 

(Scheme 1.15).

ArH^^ + Ôz — ► ArH^^ + Ôz
ArH^^ + Ôz — ► ArH^° +.^0z

(where ArH = Aromatic hydrocarbon)

SCHEME 1.15

Many of the sensitizers used in photo-02̂ genatian reactions have high
rates of intersystem crossing (with resulting high triplet yields) and
absorb light in easily accessible regions of the electromagnetic spectrum
thus enabling easy generation of triplet sensitizer. The triplet energy
of the sensitizer is an important factor in producing excited state
OJ^gen, for sensitizers having triplet energies between 22 and 38 kcal/
mole will generate only ÂgOz whereas sensitizers having triplet energies
in the region 38-45 kcal/nole can produce both ^AgOz and ÊgOz. Dyes
such as Rose Bengal (Et = 40 kcal/tnole) , Tetraphenylporphyrin (Egi = 34
kcal/tnole) and Methylene Blue (Et = 34 kcal/mole) are conncnly used as
sensitizers, but their main disadvantage is that they are difficult to
remove fron the product mixture. Hovever, this problem has now been
overcome by the use of insoluble polymer-bound dyes which can be easily
removed by filtration after irradiation. Ihe first example of a hetero-

78geneous sensitizer was described by Blossey and co-workers.
Other problems associated with using dyes as sensitizers for singlet 

oxygen production include dye photobleaching, interaction of dye with 
substrate and/or products and solubility of dye in the reaction solvent.
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(b) Electrical Discharge
The first report of the production of singlet o:ygen by passing a

stream of oxygen through an electric dischar^ was that by Foner and
79 79Hudson in 1956. These authors estimate between 10-20% singlet oxygen

in the effluent stream. Production of singlet oxygen by this technique
70was later utilised by Corey and Taylor who bubbled the effluent stream 

through solutions of organic substrates in order to bring about oxygena
tion.

The development of pcverful radio and micrcwave generators eliminates 
the necessity for internal electrodes in the discharge process, since 
radiation of these types can penetrate the walls of the glass vessels 
and directly excite oxygen molecules in the gas stream. Ihe use of 
microwave discharge to produce singlet o^^gen is now favoured over 
radiofrequency generation. The microwave generators operate at 2450 MHz, 
a frequency vhich does not interfere with other electrical equipment and 
can be localised and directed using waveguides.

The main disadvantage of using singlet oxygen generated by the above 
discharge methods is that other species of oxygen, vhich have pov\erful 
oxidising properties, are also produced. Therefore careful control of 
the effluent gas is required in order to remove the ozone, atonic oxygen 
and the small amounts of ^EgOz thus formed.

(c) Chemical D^thods for Singlet Oxvcren Production
Singlet oxygen can be generated by a number of chemical methods, sane 

exanples of vhich are given below.

(1) Peroxide Deccmoos ition
The reaction of sodium hypochlorite with hydrogen peroxide leads to 

the formation of singlet oxygen, (Equation 1.27).
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NaOCl ♦ HjOj —► ’Oj ♦ HjO ♦ NaQ ♦ h v  (127)

Hie observation of a veak red chemiluminescence was first observed by
Mallet^^ in 1927 and later confirmed by Seliger®^ in 1960. Khan and 

82Kasha, in 1963, attributed the chemiluminescence to emission fron
83electronically excited molecular oi^gen and subsequently identified

^AgOz as the species involved. The initial report by Khan and Kasha
invoking singlet oxygen production in the above system prcnpted Foote 

68and Vfexler to utilise this method of singlet oxygen generation in the
oxygenation of various organic substrates.

Ihe problem of solubility, due to the large amounts of water involved,
is the main disadvantage in the use of the hypochlorite -peroxide method
for singlet oxygen production.

In an attenpt to alleviate the solvent limitations of the reaction,
84jyScKecwn and Waters developed a two-phase system in vhich branine 

replaced the sodium hypochlorite. In this way singlet oxygen formed in 
the lov\er aqueous phase, via the reaction of hydrogen peroxide and 
bromine, rises up through the u p p e r organic layer containing the 
substrate. However, it should be pointed out that side reactions, due 
to branine, provide a dravhack to this method.

(2) Triphenvlphosphite Ozonide Decomposition
^̂ rrray and Kaplan^^ found that when ozone is passed through a solution 

of triphenylphosphite at -78°C an adduct, triphenylphosphite ozonide, is 
formed. .Upon warming the solution to -35°C the adduct decomposes to 
yield singlet oxygen and triphenyIpho^hate, (Equation 1.28). Ihe singlet 
oxygen so produced can then be used to oxygenate various substrates.

(C ^ ,0 )3 P  .  O3 'Z C F  (C 3 H ,0 )3 p ( \  % ( C , H 3 0 ) 3 P  = 0  / O 3  (128)
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Ihe production, of singlet oxygen in the above reaction was initially
questioned by Bartlett and Mendenhall who found that the adduct
triphenylphosphite ozonide could undergo direct reaction with several
alkenes and thus may be acting as an oxygen transfer agent as opposed to
a progenitor of free singlet oxygen. Hov»ever, the observation of the
characteristic absorptions d œ  to singlet oxygen by Wasserman and co- 

87workers, when the oxygen evolved from the decomposition of solid 
triphenylphosphite ozonide was passed into the cavity of an E.S.R. 
spectrometer in the gas phase, point to the involvement of free singlet 
oxygen in the above reaction.

Apart from solvent restrictions the use of this method for singlet 
oxygen production is severely hampered by the instability of the 
triphenylphosphite ozonide adduct.

(3) Thermal Decomposition of Trans annular Peroxides of Aromatic 
Hydrocarbons
The reversible addition of oxygen to an aromatic hydrocarbon was

first reported by Moureu and co-workers^^ in 1926. These authors
found that rubrene, vhen exposed to sunlight in aerated benzene solution,
foimed a colourless solution from vhich a crystalline peroxide was
isolable. \Jpon. heating, the peroxide regenerated the red hydrocarbon
with the concomitant evolution of oxygen.

88In 1967, Wasserman and Scheffer shov\ed that the thermal decomposition 
of the endqperoxides of 9,10-dimethyl- and 9,10-diphenylanthracene led to 
the regeneration of the aromatic hydrocarbon and the release of singlet 
oxygen which could be trapped by acceptors in solution, (Equation 1.29).

The utilisation of this procedure necessitates heating the acceptor 
and the peroxide under reflux in an organic solvent and, as a consequence 
of the relatively high temperature requirements and long time for
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h v

'ôT (129)
R' R’ R"

(where R=R'=- CH, or R=R' = -  CgH,)

peroxide decarposition, may cause problems with sane acceptors.

(4) Other ^thods of Singlet Oxvcen (generation
89In 1968, Reward and Ingold reported that oxidation of s-butylhydro-

peroxide, by Cte'*'*’, led to singlet oxygen formation. Although this
89 90finding was later confirmed spectroscopically by Nakano and co-workers

this method for singlet oxygen production is not very useful prepara-
tively.

91Peters and co-workers have reported that potassium perchranate, 
upon, aqueous decaiposition, generates singlet oxygen although ccnpetitive 
oxidative processes inpair the usefulness of this system as a source of 
singlet oxygen.

Ihe suggestion by Khan in 1970 that the superoxide radical anion,
produced from the decaiposition of potassium siperoxide in dime thy 1-
sulphoxide solution, could undergo dianutaticn to yield singlet oxygen
gave rise to much discussion due to the obvious inplications in many
biological systems. Sane workers supported this proposal, for example 

93Mayeda and Bard reported that superoxide, generated electrochemically,
could oxidise the known singlet osQ̂ gen acceptor 1,3-diphenylisobenzofuran.

94Hoæver, Barlow and co-workers found that the enzymes ribonuclease and 
lysozyme vere not inactivated vhen subjected to yradiolysis and as such 
suggested that singlet oxygen is not formed fron either HOz* or O2", 
vAiich are the only tWD radical species present under the experimental 
conditions employed.
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Ihe view that dismutation of siperoxide does not lead to singlet
oxygen production was sipported by Foote and co-workers^^ vho found that
<0.2% of. singlet oxygen is produced fron the dismutation reaction. In
their^^ study the oxidation of cholesterol (supported on microbeads) was
investigated using superoxide generated fron the decomposition of
tetramethylanrnanium superoxide in dimethylsulphoxide soluticn. More 

96recently, Khan has reported direct spectroscopic evidence, to 
substantiate his earlier proposal, that singlet oxygen is produced 
fron the reaction of potassium siperoxd.de with water. At present there 
is, therefore, a certain amount of speculation as to whether dismutation 
of the siperoxdde radical anion in fact produces singlet oxygen (Equation 
1.30) and a definite ansver has yet to be provided.

O ; ♦ OJ 'O , + H A  (1 3 0 )
H

1.3 (iv) PHOTO-OXIDATION VIA THE TYPE I PROCESS
Several photo-oxddation reactions have been shown to involve the

intermediacy of radicals and as such can be classified as occurring via
lype I processes, as described by the following examples.

Ihe photo-oxddation of alcohols sensitized by ketones, such as benzo-
97phenone, proceed via a radical mechanism yielding hydroxyhydroperoxddes 

or ketones depending ipon the reaction conditions, (Scheme 1.16).
97Hydroperoxddes are formed in the analogous reaction of ethers, 

(Equation 1.31).

r - \ (cŵ o, r \
hr. 0, <r.2 -Q. h., 0, ^ 0 > -0 0 H  (131)

Halogenated biphenyls irradiated in the presence of oxygen lead to the

“42 —



CH,
IC A - ç - O H
H
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® " -► C A "  Ç -  OH —► C ,H -C  -OH

0— 0*

hy

„(CA)2C=o
CH,
I

C A - c = o

1"
CH,

donor

C A -C -O H
I
OOH

Scheme 1 16

production of phenols as a result of fission of the carbcxn-halogen bond 
and radical scavenging by oxygen,^® (Scheme 1.17).

' /  V 7 \N hy
♦ X-

H donor

(where X= halogen)
Scheme T17

0 OH

The photo-oxic3ation of amines, such as N,N-dimethylaniline, by benzo-
phenone has been shown to cxxcnir by a mechanism involving radical inter- 

99mediates as opposed to singlet oxygen, (Equation 1.32 ).
Ihe direct photolysis of azo-corpounds in the presence of oxygen 

leads to the formation of products resulting frcm ring closure of a
singlet diradicol which is not intercepted by oxygen. 100 However, if
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CHa CH, CH, H
II (CgH;),C=0 I I

C ,H -N -C H O  ♦ C ,H rN -H  *  C ^ - N - H  

(1 32)

the reacjtion is performed in the presence of benzophenone and oxygen,
sensitization of a triplet diradical occurs and oxygenation products are
obtained as a result of interception of the triplet diradical by 

100oxygen, (Scdieme 1.18).

hi". 0 ;̂
n’

o>

(high
pressure)

Singlet 
diradical

Û
triplet 

diradical

Scheme 1-18

Irradiation of 1 -naphthylacetates in the presence of oxygen leads to 
decarboxylation and the formation of 1-naphthyImethanol and 1 -naphthalde -
hyde. 101 Ihe mechanism is suggested to involve electron ejection and
radical formation with the interception of the radicals by oxygen 
yielding the observed producks,^^^ (Scheme 1.19).

Similar mechanisms involving electron transfer and radical scavenging

-44-



CH,C00‘ CĤ COO-

hv
e ♦ CO,

\ 0 :

CH,OH CH,00-

(where e“ = electron)

Scheme 119

by oxygen have been proposed for the decarboxylation of various
102carboxylic acids sensitized by carbonyl conpounds and cjuinoxcalines.

■fhe interception of the 1 ̂ 4-diradicals (formed in intramolecular
hydrogen abstraction reactions) by oxygen also exceirplifies oxygenation

49via a Type I process, (Equation 1.25) .

Several of the above examples are unimolecular in nature inscmuch as 
the direct irradiation of the substrate, in the presence of oxygen, is 
employed to investigate the photo-oxcidative mechanism. However, in cases 
where a sensitizer is used then these bimolecular reactions usually 
involve hydrogen atom abstraction fron the substrate by the sensitizer. 
Many of the sensitizers used are dyes and as such are also capable of 
producing singlet oxygen viiich may make it difficult to distinguish 
betvyeen.Type I and Type II processes in these cases. This prcblem is 
discxussed in more detail later.

1.3 (v) PHOTO-OXIDATION VIA THE TYPE II PROCESS
Singlet oxygen has been suggested to be involved in many photo

oxygenation reactions of organic molecules. The following section high
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lights the three main types of chemical reaction that singlet oxygen 
undergoes, citing several well-defined examples of each type of reaction.

(a) 1,4-Addition Reactions
Singlet oxygen may react as a dienophile to give Diels-Alder addition 

products. This 1,4-cycloaddition reaction of singlet oxygen with a 
conjugated diene results in the formation of endoperoxcLdes, (Equation
1.33).

C (1 33)

103In 1944, Schenck and Ziegler reported the first dye-sensitized 
photo-oxygenation of a sirrple 1,3-diene, a-terpinene to yield ascaridole, 
a natural product being the active constituent of chenopodium oil, 
(Equation 1.34). Ascaridole is an endqperoxd.de formed in plants by the 
chlorophyll sensitized photo-oxcidaticn of a-terpinene.

hy, 0;
chlorophyll

(1-34)

«-terpinene ascaridole

other excairples of 1,4-cycloaddition reactions are shown in Equations 
1.35-1.37. The endoperoxd.des produced in each case, via the initial 
reaction of singlet oxygen and the diene, are often unstable and re
arrange to other products.

68,692,5 -Dimethylfuran

hy. O2 
sens,-80®C A0— 0

CH3 OH /—

■ A
CH3 O OOH

(1 35)
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1,3~DiphenvlisQbenzofuran104

'5

hy, 0.
sens

C.H,

(1 3 6)

Ercrosterol61

sens (137)
HO HO

(b) Ihe Ene Reaction
This reaction is the addition of singlet oxygen to an alkene bearing 

ally lie hydrogen atans with the formation of an ally lie hydroperoxide 
accompanied by an ally lie shift of the double bond, (Equation 1.38).

H OOH
\ ' 1 ' /  ■

-C = C—C— * 0 , —► —C—C = Ĉ  (1 38)
/  I I \

The ally lie hydroperoxides thus formed can be easily reduced to the 
corresponding ally lie alcohols and this provides a means of introducing 
an ally lie 02̂ gen function into a molecule, with the simultaneous 
rearrangement of the double bond. The first report of reactions of this 
type was that by Schenck and co-workers  ̂in 1953 when studying the 
dye-sensitized photo-oxygenation of alkyl substituted alkenes.

The ene reaction has been shown to occur with limonene both under dye- 
sensitized conditions and using singlet oxygen generated frcm the

107hypochlorite-peroxide system to give the same product distribution in
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each case. Six hydroperoxides are formed, by attack of singlet oxygen 
upon the endocyclic double bond, vhich can be reduced to the correspond
ing alcohols. Interestingly, the alcohols formed v̂ ere found to be 
optically active vhen using optically active limonene^^^ ' (Equation 
1.39) and therefore a mechanism involving free radical intermediates can 
be excluded as the alcohol is not produced in a raconic form.

HO
hy. sens. 0%  ̂ 1 . 5  other (1 39)
or OCl/HjOj products

Similarly, identical products have been obtained frcm both the dye-
108 107sensitized and hypochlorite-peroxide induced oxidaticn of a-pinene,

(Equation 1.40 ) .

hy, sens, 0̂

o r o c r / H A *  W

Ihe dye-sensitized photo-oxygenatian of cholesterol giving rise to the
ally lie hydroperoxide, 3 - g-hydro:qr-5a-cholest-6 -ene-5 -hydroperoxide, is

109another exarple of the ene reaction of singlet o^gen, (Equation
1.41).

hy .sens, 0
(1 41)

HO
OOH

The ene reaction has been the subject of major interest and controversy 
for many years, the chief mechanistic problem being vhether or not the 
reaction is concerted. Scheme 1.20 summarises the possible mechanisms
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vvhich m y  be involved in the ene reaction. A concerted reaction would 
involve a six-membered transition state typical of the classical ene 
reaction [route (i) ]. Intermediates vMch m y  be possible in a non
concerted reaction are a perepoxide [route (ii) ], a zwitterion [route 
(iii) ] or a diradical [route (iv) ].

0 "

H
1

(iii)

(iv)

0 -

Ci

Ci

Scheme 120

At present it is difficult to draw definite mechanistic conclusions 
from the vast volume of literature which appears on this subject. There 
is no rigorous proof available that the ene reaction with singlet oxygen 
is concerted. At the sam time there is also no need to postulate such 
intermediates as perepoxides, for example, although calculations appear
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to favour such intermediates. Conversely, the majority of experimental 
results can be explained hy assuming a concerted reaction, v̂ iereas the 
assumptions of perepoxide intermediates are not caipatible in all 
experimental reports. However the current interpretations given in the 
literature are usually based on the assumption that an intermediate is 
involved. This topic has been the subject of a detailed review^and 
an eidiaustive critique is not within the scope of this section.

(c) 1.2-Addition Reactions
Older certain conditions singlet oj^gen can undergo 2 + 2 cycloaddition 

reactions with alkenes to yield 1,2 -dioxetanes, (Equation 1.42) .
’n 0 —  0

—  \ I _ I /  O U I
^  \

The 1,2-dioxetanes thus formed are often isolable and upon warming 
cleave to give two carbonyl conpounds, one of which is in its ground 
state and one is in an electronically excited state, the latter carbonyl 
fragment may undergo deactivation with the emission of light, (Scheme
1.21).

— C — 0 \

Scheme V21

Dioxetane formation with singlet oiq̂ gen occurs only with alkenes that 
bear no ally lie hydrogen atans (or that have the ally lie hydrogen 
attached to the bridgehead carbon atan) and is markedly susceptible to 
substituent effects. If structurally allowed the ene reaction almost 
always takes precedence over 1,2-dioxetane formation.

— 5 0 —



112Foote and Lin reported that enamines, upon photo-oxygenation,
form twD carbonyl products arising fron an intermediate dioxetane
derived from initial singlet oxygen attack upon the enamine. Foote and 

113co-workers later shoæd that the intermediate dioxetane is monomeric 
only when the reaction is carried out at low tenperatures and high 
dilution. An example of such an enamine reaction is given in Equation 
1.43.

CHj H 
< = / hy, sens

3'2
C K
CH

0— 0

CH, N(CH,),

(1+3)

114Bartlett and Schaap first reported the preparation of 1,2-dioxetanes 
from the dye-sensitized photo-oxygenation of cis- and trans- diethoiQ̂ - 
ethenes in acetone-de soluti(Oi at -78°C.. The dioxetanes produced in each 
case underwent cleavage to yield two carbonyl ccrpounds upon heating, 
(Equations 1.44 and 1.45).

OC,H,

C,H,0

sens, hy, 0, 
(CD,),C0,-78=C

0— 0
2C,H,CH0

C,H,0
OC,H, (1+4)

/ = \
sens, hy, 0-

C,H,0 OC,H, (CD,);C0,-78«C  ̂ .̂(3

0— 0
2C,H;CH0

2' '5' OC,H, (1+5)

• There are numerous reports in the literature relating to 1,2-dioxetane 
formation for a wide variety of alkenes upon reaction with singlet o^gen 
and this subject has been coiprehensively revieved.^^^ The interest in
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1,2-dioxetane formation was no doubt stimulated by the suggestion of
McCapra^^^ that dioxetanes may be irrportant intermediates in many chemi-
and bioluminescent reactions.

McCapra and Hann^^® were the first to recognise that vinylogous
enamines should react with singlet oxygen in a manner similar to 

112 113enamines. ' Singlet oxygen generated by the thermal decaiposition 
of triphenylphosphite ozonide, the hypochlorite-peroxide system or by an 
electrical discharge was found to cleave 10,10'-dimethyl-9,9'-biacridyl-
idene to N-methylacridcne.116 The reaction was suggested to involve a
dioxetane intermediate vhich upon thermolysis yielded N-methy lacridcne, 
accarpanied by chemiluminescence, (Scheme 1.22).^^^

i

Scheme 1 22

+ hi^

Subsequently a similar vinylogous enamine system was studied by
McCapra and co-workers. 117 A low temperature spectroscopic investigation
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revealed the intermediacy of a dioxetane species vvhich cleaved upon 
warming to give benzaldehyde and N-methylacridone in its excited singlet 
state, the latter giving rise to intense chemiluminescence, (Scheme 
1.23)/"

-78® C

CgH;CHO

Scheme 123

(d) Other Examples of Singlet Oxygen Reactions 
118Sulphides

+ hy

Ihe dye-sensitized oxidation of sulphides produces sulphoxides.
118Foote and Peters have shown the participation of singlet oxygen and

have reported that two sulphide molecules are oxidised for each ô Q̂ gen
molecule used. Ihe authors have detected an intermediate persulphoxide
species, by trapping and kinetic experiments, with conpounds such as 

118diethyl sulphide, (Equation 1.46).

hi»,sens, 0%
[ ( c, h j , s - 0 - 5 ] ( C A I 2 S +  -

► (1 46)
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Amines119
119Fisch and co-workers reported that the dye-sensitized photo- 

oxygenatian of the amines, tropinone and pseudcpelletierine, led to 
déméthylation and also suggested the involvement of singlet oic^en,
(Equation 1.47). The inplication of singlet oxygen in the above reaction

99 120has been challenged, but a later publication siçports a singlet
ojq̂ gen mediated reaction.

/—
0 (CH )̂n N-CHO

______
(1 47)

(where n=0 = tropinone ; n=l = pseudopeUetierine )

Indoles
121Evans has reported that 3 -methylindole undergoes singlet oxygena

tion, either by dye - sensitization or the hypochlorite-peroxide system, 
to give o-formamidoacetophenane and o-aminoacetophenone, (Equation 1.48).

CH,

C O CH, a 9
0 NHCHO

11-48)

122Saito and co-workers have recently implicated peroxidic inter
mediates in the dye-sensitized photo -oxygenation of 1,3-dimethy lindole. 
When the reacjtion is carried out in alcoholic solution at -70°C a hydro
peroxide is produced, vhereas if the reaction is performed at roan 
temperature a fornyl derivative is exclusively formed. Ihe initial 
intermediate is suggested to be a polar peroxide, either a zwitterion or 
a perepoxide, capable of undergoing an efficient addition reaction with
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122alcohols to give the corxespcnding hydroperoxide, (Scheme 1.24).

OOH

CH,

0-0
ROH

ru hr, sens, 0%'3 I - » or

0-0

O c
CH,

{where R= CH,- or Ĉ Hg- ; RT = room temperature ) 

Scheme 1-24

N ^ O R
I
CH,

CH,

O : N
I
CH,

i

I

^ ^ ^ N C H O

CH,

CH,

2,4,5-Triphenvlimidazole^^^ '
Singlet oxygenation of 2,4,5-triphenylimidazole (lophine) proceeds

via a hydroperoxide intermediate v^ch undergoes deccmpositicai, with
123 124accompanying chemiluminescence, via a dioxetane, ’ (Scheme 1.25).

Other substituted imidazoles are also known to react with singlet 
125oxygen.
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1.3(vi) DETERMINING THE MECHANISM OF A PHOTO-QXIDATION REACTION 
When dyes are used as sensitizers in photo-o^genation reactions 

there is the possibility that both Type I (radical) and Type II (singlet 
oxygen) processes can operate and this often leads to difficulties in 
assessing the nechanian of a photo-oxidation reaction. If the production 
of radicals by a Type I process can be observed, for example by E.S.R. 
spectroscopy, C.I.D.N.P. or flash photolysis, then the interception of 
the radicals by ô Q̂ gen can be evaluated and rate constants for the 
reaction determined. When studying direct photo-oxidation reactions it 
is beneficial to know the photophysical parameters of the compound under 
investigation in order to assess if the coipound is a likely progenitor 
of singlet oxygen. For carpounds vhich can undergo efficient photo
induced electron transfer reactions there is also the possibility that 
the superoxide radical anion may be a participating species in the 
oxidation mechanism. The follcwing section highlights seme of the 
methods which can be used to aid the elucidation of the mechanism of a 
given photo-oxidation process.
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(a) Ccmpetinq Type I and Type II processes
The photo-03Q^genation of aronatic hydrocarbons in which benzylic C-H

groups are oxidised has recently been reviewsd^^® and a lÿpe I mechanism
invoked in order to account for the observed products. For example,

127Wasserman and co-workers have reported that the Methylene Blue 
sensitized photo-oxygenation of hexamethylbenzene proceeds via a 
mechanism which appears to be exclusively due to a lÿpe I process, 
(Equation 1.49).

hj'.sens, 0%
(Type I ) 

(1 49)

Other reports have appeared v^ich show that both Type I and Type II 
processes can occur for a given photo-oxidation reaction, the relative 
extent of each are dependent upon several factors and selected exanples 
are given below.

128Saito and co-wcrkers have shown that the dye-sensitized photo-
oxygenaticn of 4,5-bis- (N,N-dimethylamino)-o-xylene (carpound A in
Scheme 1.26) can occur simultaneously by both Type I and Tÿpe II
processes. Ihe formation of the two products (carpounds B and C in
Scheme 1.26) was found to be highly dependent ipon both sensitizer and
solvent, with the addition of singlet oxygen quenchers inhibiting the
formation of product C but having no effect upon the production of

128carpound B. It was suggested that product C arises via a lype II
singlet oxygen mediated route vhereas carpound B results fron a lype I
radical process as outlined in Scheme 1.26.

129Davidson and Trethevey have studied the dye-sensitized photo
oxygenation of the aliphatic amine triethylamine in various solvents
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H D

(C)

0

fcHjOD

Scheme 126

129using different sensitizers. It was found, by utilising solvent
isotope effects, that the oxidation reaction could occur by both singlet
oxygen and radical processes with the amine concentration determining
the extent to v^ch each pathway proceeded. At high amine concentrations
a Type I process predominates and at lov^r amine concentrations reaction
via a Type II process becomes inportant. The reaction was also found to
be markedly dependent upon solvent, oxygen concentration and sensitizer.

130Matsuura and co-workers have also shown that both Type I and Type 
II mechanisms can occur under one set of conditions in their study of the 
dye -sensitized photo-oxygenation of 2,6-di-t-butylphenol. The products 
found with singlet oxygenation can often be the same as those obtained in 
radical oxygenations. The hydroperoxide intermediate, isolable only 
under very mild conditions, is capable of secondary reaction. In

— 5 8 —



addition, products of phenosQ̂  radical coupling are also found and the 
overall reaction, involving both Type I and lÿpe II mechanisms, can be 
sumnarised as in Scheme 1.27.

HO

^sens/ 0 H donor

3
0

Scheme 1-27

It is clear from the exanples cited above that careful mechanistic 
analysis is required in order to correctly assign the mechanism for a 
given photo-oxygénation reaction. Indeed this is often an extremely 
difficult task. Use of spectroscopic methods may be used to study the 
radicals derived fron a Type I process and these radicals may be trapped 
chemically. Oxygen concentration dependence provides another method for 
interrogation of the reaction mechanism. In systems vhere the reaction 
borderline is particularly delicate the use of several different 
techniques may have to be utilised in a thorough mechanistic study of 
the oxidation process.
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strong evidence in favour of a singlet oxygen mediated reaction comes
fron the finding that the product distribution frcm a dye-sensitized
reaction is the same as that for the analogous reaction carried out
using singlet oxygen generated by, for example, the hypochlorite- 

69peroxide system. However, as the products of both Type I and Type II
130reactions may be the same it is necessary to evaluate all experimental 

results very carefully.

(b) Quenching of Singlet Oxygen
Several types of coipound have been found to physically deactivate,

or quench, singlet oxygen without undergoing any appreciable chemical
reaction. Compounds which possess this capability include tertiary

131 132amines such as 1,4 -diazabicyclo- [2.2.2] -octane (DABCO) , azide ions 
133and g-carotene. Utilisation of these quenchers has been extremely

useful in mechanistic studies where the inhibiticn of a photo -oxygenation
reaction, by inclusion of the quencher in the reaction medium, has been
taken as good evidence for the intennediacy of singlet o^^gen.

However these carpounds, vhich are capable of quenching singlet
oxygen, have also been found to be efficient quenchers of the singlet and
triplet states of dyes.^^^ Thus any retardation vhich is observed upon
addition of a singlet oxygen quencher to a photo-oxidation reaction may
well be due, to sane extent, to quenching of the photo-sensitizer. It
is therefore imperative to use low concentrations of the quencher in
order to eliminate any sensitizer-quencher interaction. A recent

135publication by Davidson and Pratt has shown that dyes may also act as 
quenchers of singlet oxygen which again necessitates using low concentra
tions (in this case, of the photo-sensitizer) vhen carrying out kinetic 
investigations of dye-sensitized photo-oxygenaticn reactions.
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(c) Determination of the Lifetiine of Singlet Oxygen and Reactivitv 
Parameters
In steady state experiments, usually carried out at a constant oxygen 

concentration by bubbling oxygen through a solution of an acceptor A, 
singlet o:ygen can either undergo deactivation to the ground state 
(Equation 1.50) or react with the acceptor to form the oxidation product 
(Equation 1.51). Under these steady state conditions Equation 1.52 
holds.

‘02 -ït ’O 2 (1.50)

A + ‘O2 AO2 (1.51)

where:- kd = rate constant for the natural decay of singlet 
oxygen,

kr = rate constant for reaction of singlet o:^en 
with acceptor A,

^AÜ2 “ quantum yield for product formation,
= quantum yield for singlet oxygen production,

and [A] = concentration of acceptor A.

Ihe reactivity of an accepttar with singlet oxygen can be expressed as 
a ratio of the rate constants kdAr (or g-values) obtained experimentally 
frcm the slope/intercept plots of versus ^/[A]. Therefore steady
state technicques only allow the determination of rate constants for 
reaction of acceptor A with singlet oxygen relative to the rate constant 
for the natural deactivation of singlet oxygen under a particular set of 
e^^rimental conditions. However, the results of such e^^riments have 
greatly contributed to an understanding of the factors which influence 
the reactivity of singlet oxygen with a variety of acceptor molecules.
The use of steady state techniques to gain information relating to singlet
oxygen reactivity were severely hampered by the lack of knowledge of the
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variation in lifetime of singlet o:>ygen with solvent. By utilising 
time-resolved techniques the lifetime and reactivity parameters of
singlet oxygen in various solvents have been further elucidated.

136 137Adams and Wilkinson and Jferkel and Keams have developed methods
for probing the reactivity of a variety of |substrates with singlet I oxygen.I136 137In this procedure ’ an oxygenated solution of Methylene Blue was
excited by a pulse of light frcm a Q-switched ruby laser. The concen
tration and rate of decay of the singlet oxygen so produced can be 
determined by following the time-resolved bleaching of 1,3-diphenyliso-
benzofuran (DPBF) monitored at 415 nm. (It is known that DPBF reacts

104efficiently with singlet oxygen as previously shown in Equation
1.36.) The rate of decay of singlet oxygen has been shown to be independ-

136ent of the sensitizer employed. As the rate constant for reaction of
DPBF with singlet oiygen is knovn the lifetime of singlet oxygen in the

138particular solvent can be calculated. In order to determine the rate 
constant for the reaction of a given carpound with singlet oxygen, a 
known amount of the carpound under investigation is added to the 
sensitizer-DPBF mixture and its effect upon the rate of decay of singlet 
oxygen evaluated.

The use of the above technique has enabled the absolute rate constants
for interaction of singlet oxygen with many carpounds, which are soluble
in organic solvents, to be determined. An excellent compilation of such

139data has recently been published.
The lifetime of singlet osQ̂ gen has been found to be highly solvent 

dependent and of particular interest are the observations that the life
time is often significantly greater in deuteriated caipared with non-

140deuteriated solvents. Thus if a reaction involves singlet oxygen a 
change fran a non-deuteriated to a deuteriated solvent could be expected
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to cause an increase in the rate of photo-oxidation. The utilisation 
of such solvent isotope effects provides a powerful means of identifica
tion of singlet oxygen in many photo -oxygenation reactions. However, 
in order to observe the maximal solvent isotope effect the concentration
of the acceptor A has to be carefully selected in order to ensure that

141the condition kd»kr[A] is met. With regard to ascribing the
observation of a solvent isotope effect as being due to the participation
of singlet oxygen in a reaction it should be added, as a cautionary note,
that this may be due to a variation in the photqphysical properties of

141the sensitizer with change in solvent corposition.
A recent advance in determining the lifetime of singlet oxygen in

142solution has been achieved by Peters and Rodgers who used direct 
time-resolved measurements of the luminescence frcm the ^Ag— 
transition of oxygen at 1270 nm in several solvents. This technique has 
subsequently been used by several groups to determine ths lifetime of 
singlet oxygen in a wide range of solvents^^^”^^^ and Table 1.4 gives 
several exanples of the values thus obtained.

TABLE 1.4

Solvent Lifetime of Singlet Oxygen (vis)
H2O 2<a)
D2O 68.1±2.5(b)
CsHs 26.7±1.3(b)
CeDe 550±ll(b>
Œ 3CN 54.4±1.3(b)
CD3CN 600±33(b)
Œ 3C O Œ 3 46.5±2.0(b)
CD3GOCD3 690±20(b)
Œ 2CI2 100(c)
e c u 900(c)
CHCI3 160±6(d)
CDCI3 3600±150(d)

(a) Reference 140; (b) Reference 144;
(c) Reference 143; (d) Reference 145.

— 6 3 —



(d) Photo-Oxidations involving Electron Transfer Reactions
A number of electron rich carpounds, for example enamines, have been

shown to react with singlet oxygen in a different way fran less electron
112 113rich carpounds. It has been suggested by Foote and co-\^rkers that

these reactions may proceed by way of electron transfer fran the electron 
rich molecule (D) to singlet oxygen, to give a radical cation-oxygen 
ion pair or charge-transfer corplex (D« O2” ). The recaribination of the 
ion pair could react either to give the product (DO 2) or undergo back 
electron transfer to quench singlet oxygen as shown in Equation 1.53.

D O 2
1 53)

It has been shown̂ "̂ ® that tetramethylphenylenediamine (IMPD) undergoes 
a one-electron transfer to singlet oxygen to yield the superoxide anion 
and the radical cation of TMPD via the mechanism shown in Equation 1.53. 
Such electron transfer reactions should be quenched by the addition of 
known singlet oxygen quenchers to the reaction mixture.

That carpounds can undergo electron transfer reactions to ground state
molecular oxygen under direct, or sensitized, irradiation conditions was

147 147first realised by Davidson and co-workers. It was found that flash
photolysis of nitrogen-flushed acetonitrile solutions of tri-p-tolylamine
containing benzophenone, produced the amine radical cation and the
radical anion of the ketone. When oxygenated solutions of either the
amine alone or amine plus benzophenone were f lash-photolysed, only the
radical cation of the amine was observed. The lifetime and concentration
of the amine radical cation was increased as the concentration of either
oxygen or benzophenone was increased. A mechanism involving the formation
of the superoxide radical anion was proposed to account for the above
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observations and is shown in Scheme 1.28.

(CeH,),CO 

(C,H;),CÔ + Ar̂  -►ICgHjl.CO + Ar̂ N 
(C.HJ,c6 * 0 ,  —  (C.HJ,CO ♦ 0 7
Qj + APgN — ► AfjN + 0%

hv 0. +•
also APgN — APjN + Oj

(whepe Ap,N = tpt-p-tolyamine) 

Scheme 128

Subsequently a similar electron transfer process has been suggested
by Foote and co -workers to account for the photo-oxygenation of
alkenes and sulphides sensitized by 9,10-dicyanoanthracene (DCA). The
DCA sensitized photo-oxygenation of substrates such as tetraphenyl-
ethylene, trans - stilbene and diphenylsulphide was investigated in

148oxygenated acetonitrile solution. A mechanism involving electron 
transfer, rather than singlet oxygen, was invoked. It was suggested that 
the singlet state of DCA abstracts an electron fran the substrate (D) to 
produce the substrate radical cation and the DCA radical anion. The 
reduced DCA is re-oxidised by ground state oxygen to produce the super- 
oxide radical anion, which then undergoes reaction with the substrate 
radical cation to give the observed product (DO2) as shown in Scheme 1.29.

In photo-oxygenation reactions involving electron transfer, having 
mechanisms as shown in Schemes 1.28 and 1.29, it should be possible to 
observe the radicals produced by spectroscopic means. Also such reactions
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DCA i n  DCA '̂ [DCA^ 4. D * ]

DCA ♦ D* + 0̂i
DOj 

Scheme 129

should not be affected by the addition of singlet oxygen quenchers nor 
should solvent isotope effects be observed.

149Recently evidence has been provided by Schaap and co-workers to
substantiate the rôle of electron transfer processes in photo-oxygenation
reactions involving DCA as the sensitizer. The radical anion of DCA was
identified by e.s.r. spectroscopy and the intermediate dioxetane
produced for tetraphenylethylene was characterised by n.m.r. and

149chemiluminescence studies.
It has recently been suggested by Foote and co-workersthat the 

major pathway for the Methylene Blue sensitized photo-oxygenation of 
trans-stilbene does not involve singlet oxygen. By analogy to the DCA 
mechanism (Scheme 1.29) it was postulated that the Methylene Blue (MB) 
sensitized photo-oxygenation of trans-stilbene (TS) also goes via an 
electron transfer process (Schene 1.30), although the exact mechanism of 
benzaldehyde formation frcm MB* and TS^ was not established.

The above report^ re-enphasises the point that dye-sensitized photo
oxygenations cannot automatically be interpreted as singlet oxygen 
reactions, especially when the reactions are very slow or when high 
substrate concentrations are used^^^'^^^'^^^ as this may lead to the 
intervention of radical processes.
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e - 6” *M B  M B  ’ - Ü  MB^ + TS • —*: 2C.H.CH0

I S Ci
M B ^ ’i '0 .

0  ̂ Negligible reaction 

Scheme 130

Also of relevance are the findings that seme dyes, in addition to
being progenitors of singlet oxygen, can also bring about the formation
of the superoxide radical anion, albeit to a small extent. Eosin^®^ has
been estimated to yield ~1% O2 ' and Bose Bengal,either in solution
or bound to a polymer, has also been shown to yield O2'. Little is
known regarding the chemical products resulting frcm electron transfer
frcm dye to oxygen, although dye bleaching is often associated with this
reaction and the products arising due to the latter phenomenon may well
quench singlet oxygen.

The formation of superoxide radicals frcm the irradiation of aerated
aqueous suspensions of cadmium sulphide has been observed by e.s.r.

153spectroscopy. The addition of dyes, such as Bhodamine B or Methylene
Blue, to the reaction mixture containing the semiconductor leads to
N-dealkylation of the dyes via a mechanism suggested to involve the

153radical cation of the dye and the superoxide radical anion. The use 
of semiconductors as sensitizers for photo-oxygenation reactions may 
provide a method for investigating the reactions of the superoxide 
radical anion with certain substrates.
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1.3 (vii) BIOLOGICAL IMPLICATIONS OF SINGLET OXYGEN
The damaging effects that sensitizing dyes, light and oxygen have 

upon biological systems, referred to as photodynamic action, have been 
known for sane time. These detrimental effects include, for exairple, 
membrane damage, mutagenesis, interference with metabolism and 
reproduction, all of which can be lethal to the organism concerned. 
Photodynamic action is not solely confined to lower organisms in the 
Animal ard Plant Kingdoms as evidence of its effects are also apparent 
in higher species. An excellent review article covering this topic has 
appeared^ and sane representative examples of the possible rôle that 
singlet oxygen may play in biological systems and its interaction with 
bio-molecules are given below.

The photo-oxidation of certain amino acids, in particular histidine,
methionine, tyrosine and tryptophan is shown to occur via mechanisms
involving singlet oxygen, although in seme instances, depending upon the
conditions, both Type I and Type II processes may o p e r a t e . F o r
example, the photo-oxygenation of tryptophan gives a cctiplex mixture of
products, with N-formyIkynurenine being reported as being the primary

122product which subsequently undergoes secondary reactions, (Equation
1.54).

0
II

O n r “ = r ° H  C r ' i r ° "
NH, N-CHO

I
H i

Complex products
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The photochemical inactivation of certain enzymes, for example
lysozyme and papain, has been attributed to singlet oxygen attack upon 
the tryptophyl residues of these proteins.

Nucleic acid derivatives have been shown to undergo photo-oxidation 
processes, although the primary products are poorly known due to their 
tendency to undergo further reactions and often only products of 
extensive degradation are isolated.However, Foote and Vickers^ 
have detected, using low temperature n.m.r. spectroscopy, the unstable 
intermediate formed in the photo-oxidation of diphenyluracil, vdiich upon 
warming breaks down to the cleavage product, (Scheme 1.31).

H “ “
hv,sens, 0,^i  11 

O ^ N ^ C . H
I
H

6 5 CeHs
H

-60“C\
O ^ N

A

Scheme 1 31

Lipid oxidation is probably the cause of the membrane damage associated 
with photodynamic action, although the products of such reactions have 
not been identified in all c a s e s . A n  important example of lipid 
peroxidation is that of the photo-oxidation of cholesterol in porphyric 
e r y t h r o c y t e s E r y t h r o p o i e t i c  protoporphyria (EPP) is a disorder 
which is brought on in susceptible patients by exposure to sunlight and 
results in edona, erythema and lesions. The oral administration of g-
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carotene, a known singlet oxygen quencher, greatly diminishes the photo
sensitivity of EPP patients. The red blood cells of EPP patients, v^ch 
contain large amounts'of free protoporphyrin, are haemolysed upon 
irradiation with visible light via the photo-oxidation of membrane 
ccirponents. The photo-oxidation product of cholesterol (see Equation
1.41) has been identified and it is concluded that the singlet oxygen 
mediated photo-oxidation of cholesterol leads eventually to the breakdown 
of erythrocyte menbranes in EPP patients.

A photodynamic approach has been used in the treatment of neonatal 
jaundice which is a catmon problem among nevÆom, in particular premature, 
infants.Neonatal jaundice is caused by a lack of glucuronyltrans- 
ferase, an enzyme viiich catalyses the conversion of the lipid-soluble 
pigment bilirubin to the water - soluble conjugate with glucuronic acid.
If allowed to go unchecked bilirubin accumulates in the skin and brain 
resulting in brain damage. By irradiating the infant with light, the 
bilirubin in the skin is bleached to form products which can be excreted 
and thus prevents brain damage. It is thought that such phototherapy 
depends upon the ability of singlet oxygen to photo-oxidatively degrade 
the pigment bilirubin. Although no conclusive proof has yet been 
forwarded to substantiate such an hypothesis, the exact mechanism which 
is operative in vivo has yet to be established.

There are several enzyme systems that mediate oxidative reactions 
in vivo which resemble singlet oxygen chemistry quite closely. For 
exanple, tryptophan-2,3-dioxygenase catalyses the oxidation of tryptophan 
to N- formyl-L-kynurenine (Equation 1.55), a reaction w^ch bears close 
similarity to the dye-sensitized photo-oxygenation of tryptophan,
(Equation 1.54).

At first sight it may be surmised that singlet oxygen might be involved
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Oc
0

fH m rn n - ^ryP^ophan-2.3- ^^^C-CH^CHCOO  
CH2CHCOO dioxygenase1 'N H 3

I *
H

N-CHO

(1 55)

in the enzymic reaction (Equation 1.55). Indeed it has been suggested 
that free singlet oxygen is generated in biological oxidations 
catalysed by mono- and dioxygenase systems and that it is this species, 
singlet oxygen, viiich ultimately transforms the substrate into oxidation 
products.However, further investigations have failed to show that 
singlet oxygen is produced in such systems^^^^^ and currently it can be 
viewed that singlet oxygen does not have a major role in oxidase 
activity.

In all of the biological photo-oxidations examined to date, the inter- 
lædiacy of singlet oxygen has not been directly demonstrated. Evidence 
for its participation relies on (a) the correlation of oxidation products 
with those of established singlet oxygen reactions; (b) the apparent 
solvent isotope effects wÈiich are observed in reactions utilising 
deuterated solvents and (c) the retardation of the rate of photo-oxygena
tion by known singlet oxygen quenchers. Only by continued research, in 
the area of biological photo-oxidation, will it be fully established if 
free singlet oxygen plays a part in any biological system.
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PHCfTOCHEMICAL PEACTICNS OF g-KETO-CARBOXYLIC ACIDS 
INTRODUCTION

Preface
The following sections contain a review of the literature pertaining 

to both the direct (Section 2.1) and the c^e-sensitized (Section 2.2) 
photochemical reactions of a-keto-carboxylic acids. The mechanisms 
suggested to be involved in these reactions are discussed.

2.1 DIRECT IRRADIATION OF Œ-KETO-CARBOXYLIC ACIDS 
2.1(i) PYRUVIC ACID

Vesley and Leermakers^ have shewn that irradiation of pyruvic acid, 
in the vapour phase, leads to an extremely efficient photcdecanposition 
having a quantum yield close to unity. Carbon dioxide is produced 
quantitatively, the other major product being acetaldehyde, with the 
minor formation of both carbon monoxide and methane, (Equation 2.1) .

CH,COCOOH  --   CH3CHO ♦ COj + CO ♦ CH, (21)
^ 50m m H a80-85“C

6 5 %  100%  1 -2 %  1 -2 %

The mechanism of the primary photochemical process was postulated as
being a concerted décarboxylation, involving either a four- or five-
membered transition state, rather than a free radical reaction, in order
to account for the observed photoproduct acetaldehyde, (Schane 2.1).

Photodecarposition via the four -manbered transition state does have
an analogy to the photo-enolisaticn of biacetyl in aqueous solution, as

2described by Lanaire, in which the end arises by an internal hydrogen 
abstraction reaction fran a highly strained four-membered transition
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CH,COCOOH
four-membered

transition state

0 0 II II
CH3- C T Ç

-CO,

five-membered 
transition stale

H
C H .-C -C -CO. CH.C: 

'I
OH J

CH3 COCOCH3

hy

H3O

OH
I

CH,CO-C = CH.

CH3 CHO

Sctieme 2-1

ccxifiguration in the triplet state, (Equaticn 2.2).

( 2-2)

Hwever, Vesley and Leermakers favour a mchanism involving a five- 
menbered transiticn state, with the intermediacy of a hydroxy carbene 
because (i) this configuration of the transiticn state is probably that 
of the ground state (for maximum hydrogen banding) , thus little 
rearrangement need take place in the excited state to get to the

3transition state; and (ii) by analogy to the Norrish Type II process, 
hydrogen is initially becoming banded to oxygen rather than carbon. The 
finding that nitrogen, oxygen or ethylene, (at pressures up to 50 mm of 
Hg) had no effect on the reaction, ̂ indicates that the reaction must be 
very fast and thus may involve an upper excited singlet or triplet state.

4Turro and co-workers have provided evidence to support the mechanism 
involving the five-membered transition state, as proposed above, by the 
observation of a CzH^O peak in the mass spectral breakdown of pyruvic
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acid, (Equation. 2.3)

•6 %  f  "

CH3COCOOH — ► CH,-C-C ----------  ChJ:* ♦ CO; (2 31** ' * 1 10
Pyruvic acid undergoes an entirely different series of photoreactions 

in solution, when caipared to those encountered in the vapour state, as 
exanplified by the following literature reports, all of which refer to 
photoreacticn under decxygenated ccnditians.

Leermakers and Vesley, ’ and Kendall and Leermakers, have shown that 
in hydrogen donating solvents such as isopropanol, methanol, t-butanol, 
chloroform or diethyl ether, pyruvic acid is photoreduced with high 
efficiency to yield dimethyltartaric acid via the dimérisation of an 
intermediate ketyl radical, (Equaticn 2.4) .

OH

CH3C0 C00H

OH

CH3-C-COOH
CH-C-COOH 

dimérisation  ̂ i 
CH3-C-COOH

I
OH 

(2 4)

8Using electron spin resonance spectroscopy, Fujisawa and co-workers 
have observed the intermediate ketyl radical from the photolysis of 
pyruvic acid in isopropanol. Several other reports have appeared which 
confirm the existence of such a radical in these systans.

When methanol® was utilised as solveit for irradiation of pyruvic 
acid, in addition to the formation of dimethyltartaric acid other photo
producks are observed, namely a solvent adduct 2-methyl-2,3-dihydroxy- 
propanoic acid, carbon dioxide and small amounts of acetoin, (Equaticn 
2.5) .
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I
OH 

37%

OH
I OH

‘  ° ' ' - y  ' “ =
CHjOH 55%
41%

0" (2 5)
CHjOI-COCHa 

trace

The quantum yield for the production of carbon dioxide was found to 
be highly solvent dependent.® Leeimakers and Vesley®’® made no attanpt 
to isolate any solvent dimer (which is presumably present in reactions 
utilising hydrogen donating solvents) , or any other solvent adducts, 
apart from the 2-methyl-2,3-dihydroxypropanoic acid fonned when methanol 
was the medium for reaction.

Pyruvic acid was found to be photochanically inert when irradiated in 
benzene solution,®’® and this was attributed to the absence of abstract- 
able hydrogen atons in this solvent. However, the addition of benzhydrol,^ 
a good hydrogen donor,to benzene solutions of pyruvic acid, brought 
about the photoreduction of the latter to dimethyltartaric acid and the 
formation of benzpinacol in relatively high yield, (Equation 2.6) .

OH 

k CgH, c h - c -COOH . (C .HA-C-O HŒ 3COCOOH 3 I *  8. 5 2  ^

C H ,~ C — COOH (CgH-),— C —OH ( 2 6)

OH

6 5 %  71%
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Monroe^^ has suggested the fhotoreducticn of pyruvic acid to be
entirely analogous to that observed for biacetyl. For exairple, Bentrude

12 13and Damall, and Urry and Trecker have shewn that irradiation of
biacetyl in isopropanol gives acetone, plus a nearly quantitative yield
of a mixture of diasterecmeric pinacols in approximately equal amounts,
(Equation 2.7) .

CH3COCOCH3. C H 3 - C H - C H 3 - ^  C H 3 - C - C - C - C - C H 3 .  CH3COCH3
OH 0 OH OH 0 (2 7)

98%

It is clear, frcm the above reports,®'®’̂  that photoreduction is an
extxemely important pathway for the decarposition of pyruvic acid in
hydrogen dcna-ting solvents. However, the photoreaction of pyruvic acid
in aqueous solution is far more intriguing and leads to a remarkable

14•transformation, the mechanism of which is obscure.
Lieben and co-workers ̂® reported that an aqueous solution of pyruvic 

acid deccrrposed upon irradiation to give acetaldehyde and possibly 
ace-tic acid, (Equation 2.8).

CH3COCOOH ^  CH3COOH ♦ CH3CHO (2 8)H;0
This finding^® conflicts with the result obtained by Dirscherl,^®’ 

who claimed that the products of the aqueous photodecaposition of 
pyruvic acid were acetoin and carbon dioxide, (Equation 2.9) .

CH3COCOOH — L  CH3-C H -C -C H 3 ♦ CO; (2-9)
H;0

OH 0
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Leermakers and Vesley®’® later confirmed the observations made by 
Dirscherl, ’ and in addition to the photoproducts acetoin and carbon 
dioxide, small amounts of acetaldehyde and possibly biacetyl, were also 
detected. The latter two products were suggested to arise fran the 
photodecarposition of acetoin.® The reaction in aqueous solution was 
presumed to be analogous to that occurring in the vapour state,^ and a 
mechanism postulated® involving concerted decarboxylation of pyruvic acid 
to give a -triplet hydroxy carbene which could dimerise or attack another 
molecule of pyruvic acid to yield the observed product, (Scheme 2.2).

hï', HgO
CKCOCOOH

( <i>=0-79± 0 05)
CO2 ♦ CH3-CH-C-CH3 ♦ CH3CHO
85%

OH 0 trace

(yield not 
accurately determined )

-|3

II0

-CO,

Scheme 2 2

CH,-C

OH

Al-though no concrete evidence has been put forward to validate the
14above mechanism, Mcnroe suggests that dimérisation of the hydroxy 

carbene is the less likely prcx%ss since it could rearrange to 
acetaldehyde or react wi-th water. The proposed mechanism predicts that 
when pyruvic acid is irradiated in non-hydrogen donating solvents, 
acetoin should be formed. However, when benzene is enplcyed as solvent, 
pyruvic acid is photochemically inert;®’® a discrepancy which may be due
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to an extreme difference in the solvation of pyruvic acid in benzene and 
14in water.

"7Kendall and Leermakers have shown that the photoreduction of pyruvic
acid in solvents containing abs tractable hydrogen atcms is quenched by

181,3-pentadiene, a poor singlet but good triplet quencher, and have 
invoked the participation of the triplet state in the reaction. This is 
in accord with the previously reported spectroscopic data for pyruvic 
acid,® vdiich shews two near-ultraviolet absorption maxima; an n-ir* band 
in the 300-350 nm region with lew, and solvent dependent, extinction 
coefficients shewing a blue shift in polar solvents, (Table 2.1) ; and a 
TT-TT* band which occurs at 200 nm in water with an extinction coefficient 
of 2100.

TABLE 2.1

Solvent n—ÏÏ Xmax (um) 6
Water 321.2 11.3
Methanol 325 4.55
Chloroform 337.5 11.5
Diethyl ether 342.5 14.7
Benzene 358.5 18.9

21Acetonitrile 337 16.9
21Deuterium oxide 324 —

The emission spectrum of pyruvic acid, in an ethanol glass at 77 K,
shews two well defined phosphorescent bands ; the 0-0 band at 423 nm and
the 0-1 band at 455 nm, the former corresponding to a triplet energy of
58 Kcal. As the phosphorescence was found to be more intense than that

19dbærved for benzophenone, which has a quantum yield of 0.8, it was 
sugested that pyruvic acid undergoes intersyston crossing with a high
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degree of efficiency, possibly equal to unity, and as such the excited
n-TT* triplet state was designated responsible for photochonical reaction.

20Gibson and Turnbull have since reported the quantum yield of 
phosphorescence of pyruvic acid, in ethanol glass at 77 K, to be 0.18, 
as determined relative to benzophenone, and propose that the photo
chemistry of pyruvic acid proceeds frcm the Icwest excited singlet state. 
Therefore the triplet yield of pyruvic acid is not kncwn with any degree 
of certainty.

21Gloss and sillier have studied the mechanism for both the photo
reduction and photodecarboxylation of pyruvic acid utilising the 
technique of CIDNP. Naphthalene was found to efficiently quench the 
photoreduction of pyruvic acid by ethanol in acetonitrile solution,
reaffirming the involvement of the excited triplet state of pyruvic acid

6 7in hydrogen transfer reactions. * Photoreduction of triplet pyruvic
acid by both isopropanol and acetaldehyde in acetonitrile solution was 

21also observed. It was suggested that photodecarboxylation of pyruvic 
acid in water and other non-reducing polar solvents, occurred from the 
excited triplet state of the acid and a mechanism, initiated via unimole- 
cular scission of the carbonyl - carboxy bond, was postulated, (Scheme
2.3). The carboxy radicals so produced in this Type 1 reaction rapidly 
reduce ground state pyruvic acid, and a radical coupling reaction follows 
to yield 2-hydroxy-2-methyl-acetoacetic acid as the product. The triplet 
state was deemed responsible for the reaction as addition of naphthalene 
quenched the foimation of 2-hydraxy-2-methyl-acetoacetic acid.

It is known that 2-hydroxy- 2-methyl-acetoacetic acid undergoes rapid 
acid-catalysed hydrolysis to give acetoin.^^ Gloss and Miller^^ found
2-hydraxy-2-methyl-acetoacetic acid to be photochemically inert in 
acetonitrile (under the experimental conditions orployed in their GIDNP
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0
kH-COCOOH — CH,C- ♦ • COOH

a-cleavage
OH
ICHjCOCOOH ♦ -COOH— CHjC- ♦ CO, 
COOH

0 OH 0 OH
II I II ICH,C- * C-CH, —  CHjC- C-CHj

I ® ICOOH COOH

Scheme 2 3

Study) and suggested that acetoin is not a primary photcproduct of 
pyruvic acid in aqueous solution, but arises frcm the facile hydrolysis 
of 2-hydroxy-2-methyl-acetoacetic acid, which was found to be the 
primary photoprcxiuct in all solvents. This result may offer an explana
tion as to why acetoin is not formed in other photolyses of pyruvic acid 
apart frcm those employing water as solvent. ̂ ^, 16,17 acetoin does 
arise frcm 2-hydroxy-2-methyl-acetoacetic acid in aqueous solution, and
should the latter prove to be photochemically inert in other non-reducing

21solvents, as it is in acetonitrile, then the photodeccmpositian of
pyruvic acid in such solvents would effectively yield 2-hydroxy-2-methyl-
acetoacetic acid as the product, rather than acetoin. However, the above
mechanism irrplies that when benzene is utilised as solvent, 2-hydroxy-2-

21methyl-acetoacetic acid should be formed; but Gloss and Miller also 
found pyruvic acid to be photochemically inert in this solvent.®’®
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2.1(li) PHENYLGLYOXÏLIC ACID
23Schonberg and co-workers have reported that phenylglyccQ^lic acid is 

photoreduced to diphenyltartaric acid in isqprqpanol, via an intermediate 
ketyl radical, (Equation 2.10) .

isopropanolW O C O O H C,HrÇ-COOH 
OH \dimerisation

OH 
-COOH 

12-10)
L U U M

OH

CgH,- C - CO O H  
C,H;- C - COOH

gFujisawa and co-workers have observed the intermediate ketyl radical 
in an electron spin resonance study of phenylglyoxylic acid.

Leermakers and Vesley® have shown that phenylglyoxylic acid, upon 
irradiation in water, gives benzaldehyde and carbon dioxide as the major 
products, with only trace amounts of benzoin being detected, (Equation 
2.11) .

OHO
hy I "

CgHgCOCOOH —  CgHjCHO ♦ CO, * C,H,-C-C-CgH; ( 211)
»fi I

60% 95% trace

23Although the photoreduction of phenylglyoxylic acid is similar to 
that reported for pyruvic acid,® ^ the aqueous photodeccmpositian of the 
two a-keto-carboxylic acids is different; benzaldehyde being the 
principal product frcm phenylglyoxylic acid,® whereas the main isolable 
product frcm pyruvic acid is acetoin.® The observation of benzaldehyde

— 8 8 —



in the former reaction could be rationalised on the basis of hemolytic 
loss of carbon dioxide with subsequent reccmbination of the benzoyl 
radical and a hydrogen atom. However, such a cage mechanism will not 
account for the formation of acetoin from pyruvic acid in the latter 
reaction.

From spectroscopic studies® the excited state responsible for the 
photodeccmposition of gbenylglyoxylic acid has been ascribed to the 
triplet. Similar to pyruvic acid, phenylglyoxylic acid shows two near
ultraviolet absorption bands; an n-ir* band at 337.5nm in water (e= 48) 
and at 376 nm in benzene (e = 77) , and a tt-tt* transition at 262.5 nm in 
water (e = 9530). The emission spectrum, in ethanol glass at 77 K, shows 
the 0-0 band at 470.5 nm, corresponding to a triplet energy of 60.8 Kcal, 
and the 0-1 band at 510 nm. The quantum yield of phosphorescence for 
phenylglyoxylic acid is reported to be close to unity,® and hence the 
triplet state of the acid has been designated responsible for ̂ boto- 
reaction.

2.1 (i 1i ) LONG CHAIN Qf-KETO-CARBOXYLIC ACIDS

Evans and Leermakerŝ '̂  have shown that irradiation of a-keto-decanoic 
acid in benzene solution affords hept-l-ene and pyruvic acid via a

3Norrish Type II elimination, (Schane 2.4) .
13 25Unlike the long chain a-diketones, ’ a-keto-decanoic acid does not

form cyclobutanol derivatives when irradiated in benzene solution.
Surprisingly, the reaction was suggested to occur from the triplet
manifold with no singlet contribution, as quenching with cycldhexa-1,3-
diene gave a linear Stem-Volmer plot in which the quantum yield for
elimination of hept-l-ene did not level out, even at very high concen-

24trations of quencher. This is in direct contrast to aliphatic ketones
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CĤ CH,),C-COOH -  CH^CH,),CH=CH, * CH,COCOOH
Il ($ = 0 21)0
\ y

n  ^ C , H , ,
CH3(CH,)^-Ch"^^IVCH^-C -  COOH — OH

OH COOH

Scheme 2 4

whicdi undergo Norrish Type II reactions and shew between 10-40%
26uncjuenchable photoelimination frcm the singlet state.

17In an earlier report by Dirscherl, a-ketopentanoic acid produced 
butyroin when irradiated in aqueous solution, (Equation 2.12) .

CH,CH,CH,COCOOH ^  CH,CH,CH,-CH-C-CH,CH,CH, (212) 
'   ̂ H,0 I II

OH 0 

30- 40%

The low yield of butyroin may have been due to a carpeting Norrish 
Type II photoeliriiination.

2.2 DYE-SENSITIZED PHCTO-OXYGENATION OF g-KETTO-CAEBOXYLIC ACIDS

27De Kok and Veeger reported the effect of light on flavoproteins in 
the presence of a-keto-carboxylic acids. The formation of a species, 
detected by absorption spectroscopy, and suggested to arise via an 
addition reaction between the flavoprotein and a-keto-carboxylic acid 
was observed. The rate of formation of the species was found to be very 
slow in the dark but greatly enhanced by illumination at wavelengths 
below 500 nm. L-Annino-acid oxidase irradiated in the presence of a-keto-
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isovaleric acid produced a species having a shoulder at 375 nm, maxima
at 385 and 485 nm and absorption above 540 nm. Similar light induced
reactions occurred with other flavoproteins, for example when D-amino-
acid oxidase is irradiated in the presence of pyruvic acid it gives rise
to a product having absorptions at 380 nm, a shoulder at 400 nm, a
maximum at 490 nm and absorption above 540 nm. When the latter reaction
was carried out using light of 320 nm, i.e. the substrate n-ïï* transition
being excited, an electron transfer frcm pyruvate to flavoquinone took
place resulting in the formation of flavosemiquinone anion, which was
stable under the anaerobic conditions of fixation to the protein.
Alternatively, if the reaction is performsd using light of 390 nm (which
excites the flavin system) in the presence of isotcpically labelled
[3- ‘̂̂C]-pyruvate, the thin layer chrcmatogram of the reaction mixture
shewed that the radioactivity was associated with the flavin, supporting

27the hypothesis of an irreversible addition catpound. The authors did 
not find any evidence for adduct formation on replacing the flavoprotein 
with free flavocoenzymes.

28Later, Brustlein and Hemnerich found that aqueous solutions of 3- 
methyllumiflavin containing pyruvic acid, or its salts, gave an addition 
carpound upon irradiation. Under anaerobic conditions a reversible 
photoreduction occurred, which was suppressed under aercbic conditions 
and a slower irreversible photoreduction (with decarboxylation of the 
pyruvic acid) ensued and finally became quantitative forming an adduct, 
3-methyl-5-acetyl-l, 5-dihydroflavin, vbich was isolated frcm the reaction 
mixture, (Equation 2.13) . In order to account for the above observations, 
two mechanisms were proposed; one involved a 'hydride' transfer (i.e. 
transfer of a proton and two electrons in one step) frcm the pyruvic acid 
to the flavin, whilst the second involved group transfer with concerted
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CH. ch / ^ hV - ch30
0,

CH, H
hv. CH3COCDOH

CO,
CH,

CH3 (2 13)

loss of carbon dioxide. The feasibility of the above mechanisms was not 
explored.

29Breslcw observed that pyruvic acid in the absence of oxygen, under
went a photo-decarboxy lation reaction when irradiated in the presence 
of thiamine, and proposed that the medianism involved the initial 
foimation of an addition product which subsequently decarboxylated.

The fonnation of a thiamine - pyruvate adduct, possibly of an ion-pair
20nature, was later confirmed by Gibson and Turnbull, although these 

authors were unable to detect any photochemical decarboxylation of 
pyruvic acid in a systen sensitized by thiamine.

Recently, the non-enzymic photo-oxidation of p-hydroxyphenylpyruvic 
acid has been studied^^ ' as a model for the action of p-hydroxyphenyl-
pyruvic acid dioxygenase, which catalyses the conversion of p-hydroxy-

32 33phenylpyruvic acid into hanogentisic acid. Lindblad and co-workers
have shown that atmospheric oxygen is incorporated into both the hydroxy

33moiety and the carboxyl group of hanogentisic acid. These authors
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postulate a mechanism involving nucleophilic attack of the hydroperoxy 
group of the intermediate hydroperoxide, on the keto group of the side 
chain. The cyclic peroxide thus formed is converted, via a decarboxyla
tion reaction, into the quinol intermediate which undergoes migration 
of the side chain to the ortho position by a mechanism analogous to that
of the NIH shift,to yield hanogentisic acid, (Schane 2.5). A similar

35mechanism was first suggested by Goodwin and Witkop.

*Û2 y=\̂ CH2C0C00H"0 -^^^CH.COCOOH —  0-(̂ J)(
OOH

Enzyme/ 0,

CH,COOH

Homogentisic
acid

^  II
/ O H
/-CO2

= \  ,CH,COOH
*
OH

Scheme 2 5

30Saito and co-workers have studied the dye-sensitized photo-oxygena- 
ticn of both the enol and keto forms of p-hydroxyphenylpyruvic acid. The 
j\1ethylene Blue sensitized photo-oxygenation of the enol form in methanol 
resulted in the rapid consurrption of an equimolar amount of oxygen and 
the formation of p-hydroxybenzaldehyde and oxalic acid. Rose Bengal 
sensitized photo-oxygenation of the keto form in phosphate-buff er (pH 7.0) 
gave three products; the quinol intermediate, p-hydroxybenzaldehyde and
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p-hydroxyphenylacetic acid in 18, 12 and 15% yields respectively. At a
pH greater than 12 the quinol intermediate was converted into hanogentisic
acid. Thus when the photo-oxygenated mixture was made alkaline, without
further, isolation of the intermediate quinol, hanogentisic acid was
obtained in greater than 25% yield, based on the amount of reacted keto
form of p-hydroxyphenylpyruvic acid, as outlined in Scheme 2.6.

30A mechanism involving singlet oxygen was invoked fron the observation
that the addition of known singlet oxygen quenchers, DABCO and sodium
azide, led to a decrease in the rate of photo-oxygenation of p-hydrojQ̂ -
phenylpyruvic acid. The rate of disappearance of the keto form of
p-hydroxyphenylpyruvic acid was found to increase six-fold in going fran
water to deuterium oxide and this also was attributed to the participa-

30tion of singlet oxygen. Thus it was suggested, fran the quenching
studies and the solvent isotope enhanconent, that a large proportion of 
the photo-oxygenation of the keto form of p-hydroxyphenylpyruvic acid 
leading to the quinol intermediate was a singlet oxygen mediated reaction. 
However, the possibility that a radical process involving triplet

30sensitizer may also be operating could not be rigorously excluded.
Vhether free singlet oxygen participates in the enzymic reaction is still
unclear, but the results show that the mode of oxidation of p-hydroxy-

33phenylpyruvic acid catalysed by the enzyme, is very similar to that
30observed in the dye-sensitized reaction, and the latter provides

chemical support for the proposed mechanian of the enzymic reaction.
The one-electron reduction of oxygen is also a possible way in which

oxygenases might activate oxygen for reaction with organic substrates.^®
The superoxide anion is invoked in the mechanian for the hydroxylation of

37organic substrates by the liver-microsanal-P450 system. Accordingly,
31Jefford and Cadby have studied the reaction of p-hydroxyphenylpyruvic
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acid with potassium superoxide in dimethylsulphcxide, and report the 
production of carbon dioxide and the p-hydrcxy derivatives of pheny lace tic 
acid, benzaldehyde, benzoic acid and phenol, (Equation 2.14).

5. r n * r n  ̂ r ii ♦ r ii ♦ co,
C H p C O O H

OH1 OH1 OH1 OH1A  . * A  .V V V VCHjCOOH CHO COOH OH
15 5% 26% 42% 155%

( 214)

The absence of homogentisic acid in the product mixture means that this
33 31reaction is not a model for the enzymic process. Jefford and Cadby

propose that the products arise by two pathways involving dioc^gen
species behaving as radical and/or nucleophilic reagents, (Scheme 2.7a) ,
the benzoic acid and phenol derivatives being produced by the further
oxidation of p-hydroxybenzaldehyde, (Schone 2.7b) .

An important class of mono -oxygenases are those which require a-keto-
38glutaric acid as a cofactor. Biological oxidation is catalysed by the

metalloenzyme so that hydroxy lation of a substrate (SH) is effected by
half a mole of molecular ccq̂ gen vhile the other half is taken up by
a-keto-glutaric acid which acts as a reductant, (Equation 2.15) . The

39details of the general scheme are presently not known.

SH ♦ Oj ♦ HOOCCHjCHjCOCOOH
Enzyme

Fe"* Ascorbic acid (2 15)

SON . COj ♦ HOOCCH^CHjCOOH
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Nucleophilic pathway

/7 ~ \ " 0 - 0  
H O - ^ ^ V cHjCOCOO* -HO

I
CHj-C-COO

Ô-0*

HO CH,COO' * COL

HO

OH

H ^ - C H = C  H O - < ^ - C H = ^
COO' COO

0
Ic

Free radical pathway 0-0

H O -Q ) -C H O  ♦ 2C0. HO- O - C H - t O - COO

0-0

(where -0  = -O', -O ' or -  OH) 

Scheme 2 7a

40It has been suggested by Hamilton that a-keto-glutaric acid is 
converted by oxygen to per-succinic acid which subsequently brings about 
the oxidation of the substrate, (Equation 2.16). Direct reaction 
between singlet a-keto-glutaric acid and triplet molecular oxygen is 
spin forbidden and thus cannot take place, and the role of transition
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Scheme 2 7b

metal canplexaticai has been implied in order to render molecular oxygen
40acceptable to the a-keto-carboxylic acid function.

HOOCCĤ CH.COCOOH ♦ 0̂  — -  HOOCCĤ CĤ CÔ H ♦ [0%

SH ( 2 1 61

HOOCCHjCHjCOOH ♦ SOH

Jefford and coworkers^ ̂ have studied the reaction of singlet oxygen
towards a-keto-carbojQ^lic acids in order to detemine the plausibility

40of the above hypothesis. Both oxidative decarboxylation and peroxy 
acid formation occurred when a variety of a-keto-carboj^lic acids were
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irradiated in oxygenated acetonitrile solutions containing the dye
41f̂ethylene Blue, (Table 2.2) .

TABLE 2.2

a-Keto-carboxy lie 
acid

Photolysis 
time (h)

% CO2 
evolved

Products (%)

H(XC(aî2)2C0cœH 19 45 H00C(CH2)2C0CH (45)
CH3(CH2)3C0C00H 40 51 Œ3(CH2)2C00H (45)
H(30C CH2 COCOOH 19 32 HOOC Œ 2 COOH (60)
CsHs-COCOOH 19 0 none
t-Bu-(X(XŒi 23 100 t-Bu-COOH (95)

The participation of singlet oxygen was inferred in these reactions
frcm the observation that light, coQ̂ gen and <^e are all essential for
the reaction to occur. However, the addition of DABCO did not quench the
reactions, but in fact accelerated them, and the progressive addition of
3-carotene slewed up, but did not halt the reactions. Although the
colouration of starch-iodide paper pointed to the formation of per-acids,

41their isolation was not possible, and the authors suggest that as fast 
as the per-acid was formed, it was decaiposed by further reaction with 
the parent a-keto-carboxylic acid. The evidence for this assunption 
cones frcm the finding that instantaneous décarboxylation of a-keto- 
valeric acid to butyric acid occurred after equimolar mixing with per- 
benzoic acid, (Equation 2.17).

CgHgCOgH ♦ CH,(CH,),COCOOH2*2 CgH;COOH + CHjCCHjl^COOH ♦ CO. 

(2 17)
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Phenylglyo:Q̂ lic acid, which was found to be photochemically inert under 
the reaction conditions enployed (Table 2.2), did undergo reaction with 
per-benzoic acid in a similar manner to a-keto-valeric acid, (Equation 
2.17). A mixture of phenylglyoxylic acid and a-keto-valeric acid was 
photo-oxidised and after méthylation of the reaction mixture, methyl

41benzoate and methyl butyrate were detected as products. The authors 
concluded that singlet ô q̂ gen oxidatively decarboxylates a-keto-valeric 
acid to its peroxy acid derivative leaving phenylglyoxylic acid 
unchanged; these two acids react rapidly to form the appropriate 
Baeyer-Villiger-type intermediate which promptly fragments liberating 
carbon dioxide, benzoic and butyric acids, (Scheme 2.8).

CHjtCH,),COCOOH ♦ 'o ,  -------- - CH^ICH^I^CO^H ♦ CO,

CH,(CH,);COOH ♦ CgHjCOOH ♦ CO;

CgH.COCOOH

0
CH,(CH;)^-C-0

? sC g H g - C - C -O H  
OH

Scheme 2 8

As a-keto-glutaric acid and the per-succinic acid are mutually
41destructable, it was suggested that for selective oxidation of a

biological substrate the per-acid must be discretely inmobilised by being
bound to an enzyme, and the above mechanism (Scheme 2.8) was put forward
to provide an indication of how a-keto-glutarate-dependent mono-oxygenase

41systems may operate.
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Davidson^^ subsequently found that the décarboxylation of a-keto- 
glutaric acid, and its anion, could be sensitized by Methylene Blue and 
other ctyes such as Rose Bengal, in the absence of oxygen. In some.cases 
the presence of oxygen led to a retardation of the decarboxylation 
reaction, and in others to the production of greater than one mole of 
carbon dioxide per mole of a-keto-glutaric acid consumed, (Table 2.3).

TABLE 2.3

State of acid Solvent Yield (%) of CO2
Methylene Blue Rose Bengal
Nz 02 Nz O2

Free Methanol 25.5 31.5
Free Acetonitrile 59

Pyridinium salt Methanol/
Pyridine

33 58 . 100 84

Pyridinium salt Acetonitrile/
Pyridine

none 120 72 200

These results (Table 2.3) established that a reaction pathway exists 
in the cfye-sensitized decarboxylation of a-keto-carboxylic acids which 
does not involve singlet oxygen. The alternative route for decarboxyla
tion clearly involves the attack by an excited state of the dye (suggested 

42to be the triplet ) upon the a-keto-carboxylic acid. The previous 
41observation that addition of 3-carotene retards the decarboxylation may

be due to its quenching action on either singlet oxygen or the excited
42 43 42singlet and triplet states of the dye. ’ It was noted that in

osQ̂ genated solution there is the possibility that two mechanisms could be
operating, i.e. attack of both singlet oxygen and triplet dye upon the

44a-keto-carboxylic acid. Melnick later argued against a dye-acid inter-
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action suggesting that decarboxylation in methanolic solution (Table
2.3) could be due to metal ion impurities which exhibit catalytic 
activity.

42Davidson's proposal of a dye-acid interaction and the finding that
more than one mole of carbon dioxide was evolved, were later confirmed

46by Jefford and co-workers in a study of the Rose Bengal sensitized
decarbcQQ̂ ’laticn of a number of a-keto-carboxylic acids in acetonitrile/

46pyridine solution. The authors found that the photo-excited d ye alone
brought about decarboxylation, but vben oxygen was present, extra

41decarboxylation occurred (Table 2.4) , which again was attributed to 
the involvement of singlet oxygen on the basis of a solvent isotope 
effect of 3.63 ± 0.46 in deuterium oxide as compared to water.

TABLE 2.4

a-Keto-carboxy lie acid Yield (%) of CO2
Nz O2

Products under 
oxygen

a-Keto-glutaric acid

Pyruvic acid 
a -Keto-butyric acid 
a-Keto-valeric acid

90 125

50
100
75

Succinic acid, 
Hydroxypropionic 
acid, Malic acid. 
Oxalic acid
Acetic acid
Propionic acid
Butyric acid

To account for the high yields of carbon dioxide, and the other 
products formed from a-keto-glutaric acid (Table 2.4) , it was suggested 
that this acid exists as a lactol tautcmer that is preferentially 
oxidised by the dye, to give the lactol radical, which reacts to give the 
observed products, (Equation 2.18).
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Dye* ♦ y — ► Dye-H ♦ J \ /Ô  Products
0 0 COOH O'^COOH

(2 18)

Further evidence^® supporting the dye-acid interaction^^ comes from 
the observation that when the acid and d ye are inmobilised on solid 
supports, decarboxylation was moderate under oxygen (27%) and non
existent under nitrogen. The latter finding confirms that contact 
between sensitizer and acid is necessary for part of the photoreaction.

Moriarty and co-workers^^ have studied the reaction of a-keto-glutaric 
acid with singlet oxygen generated by the triphenyl phosphite-ozone 
reaction and microwave discharge. In eaoh case the yields of carbon 
dioxide and succinic acid were similar, and this was taken as evidence 
for the participation of singlet oxygen in the c^e-sensitized photo- 
o^ygenation of a-keto-glutaric acid, (Table 2.5) . An interesting 
observation in the latter reaction was that the addition of an alkene 
to the reaction mixture led to the formation of the alkene epoxide,
(Table 2.5).

The per-acid formed under the reaction conditions did not bring about
the epoxidation of the alkene, and a mechanism involving the formation
of a trioxalcne intermediate which transfers oxygen to the alkene was

47postulated, (Soheme 2.9) . The authors describe this mechanism as 
being analogous to what may generally occur in the enzymic activation of 
molecular oxygen, in a-keto-glutarate-dependent oxygenases. The relation
ship between the singlet oxygen reaction with a-keto-glutaric acid, and 
the enzyme reaction, is that in each case the a-keto-carboxylic acid is
the intermediate dioxygen acceptor.

48Sawaki and Ogata have recently confirmed that the dye-sensitized 
photo-oxygenation of a-keto-acids leads to the epoxidation of alkenes.
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0 0
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Scheme 2 9

but have (questioned the rôle of the previously suggested trioxalone 
intermediate.^® The epoxidation of a-methylstyrene was found to occur 
in the Methylene Blue sensitized photo-oxygenation of phenylglyoxylic 
acid in acetonitrile solution. A reaction proceeding by way of 
photochonical a-cleavage leading to the formation of an acylperoxy 
radical, which can effectively transfer an aton of oxygen to the alkene, 
was favoured, (Scheme 2.10) .

R-C-+ -COOH n
II \ U 2

Dve / \ 3 0 ^
R-C-COOH /R -C -C G O H \ R-CGO-+-COOH

2  R-C-CGOH

II hv " I _ "0 V  0 /  G - G "  0
)c=c(

\ /  I '
RCGO* + .C— C.  » ' R- C-GQ- C- C'

/ \  II 1 1
0 G

Scheme 2 - 1 0
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Evidence for the above mechanism (Scheme 2.10) canes fran the finding 
that the relative reactivities of the alkene with the acylperoxy radicals 
derived fran the decaiposition of the a-keto-carboxylic acid were 
similar to those for epoxidation with benzoin (i.e. PhCOa*) , and quite 
different fran those for per-acid epoxidation.'^®

It is clear that the results obtained fran jji vitro, i.e. (de
sensitized studies of a-keto-carboxy lie acids, require careful 
rationalisation when being used as models for the in vivo or enzymic 
processes, as the c3ye-sensitized reactions alone are subje<rt to much 
conjecture.

Sumnarv
The direct and cde-sensitized photochemical reactions of a-keto- 

carboxylic acids have been reviewed and the mechanisms involved in the 
reactions have been discussed.
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RESULTS AND DISCUSSION

Object of investigation
A stu(d of the photo-induced decarboxylation of pyruvic acid, and 

other a-keto-carboxylic acids, was performed under deoxygenated 
conditions (Sections 2.3 and 2.4) , in order to re-evaluate the mechanism 
involved in their photodecaiposition. The effect of oxygen upon the 
solution ïtase photo-decarboxylation of a-keto-carboxylic acids has not 
previously been studied, and was the subject of an investigation, 
(Section 2.5).

Dye-sensitized photo-oxygenations of a-keto-carboxylic acids were 
carried out to establish whether singlet oxygen plays a significant rôle 
in these reactions, (Section 2.6.1) . The effect of oxygen concentration 
upon the dye-sensitized reactions was also studied, (Section 2.6.2).

2.3 DIRECT PHOTO-INDUŒD DECARBOXYLATION OF g-KErO-GARBOXÏLIC ACIDS 
IN DEOXYGENATED SOLUTION

2.3 (i) DECARBOXYLATION STUDIES

The photo-induced decarboxylation of pyruvic acid was found to be 
highly solvent dependent and occurred in solvents, such as methanol, 
vbich are capable of reducing triplet carbonyl compounds; higher yields 
of carbon dioxd.de being obtained when employing polar solvents, (Table 
2.6) .

Similar reactions were found to occur for a variety of a-keto- 
carboxylic acids both in methanol and acetonitrile solutions, the yields 
of carbon dioxd.de are given in Table 2.7.

The aqueous photo-induced decarboxylation of pyruvic acid was found 
to be pH dependent (Table 2.8) . When the reaction was carried out either
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TABLE 2.6

Yields of caibon dioxide fran the direct irradiation of 
pyruvic acid (10‘ M̂) under nitrogen, in various solvents

Solvent Yield (%) of carbon dioxide
ŷ cetone 15.4
Acetonitrile 15.0
Benzene 4.0
t-Butanol 7.3
Chloroform 6.7
Dimethylformamide 10.2
Dime thy Isulphoxide 4.0
Dioxan 15.2
Ethanol 7.1
Methanol 15.0
Water 52.0

(a) 3h irradiation

TABLE 2.7

Yields of carbon dioxide fran the direct irradiation of a-keto-carboxylic 
acids under nitrogen (A) in methanol and (B) in acetonitrile

a-Keto-carboxylic acid 
(10"̂ M)

Yield (%) oi: carbon dioxide
(A) Methanol (B) Acetonitrile
6h 20h 6h 20h

Pyruvic acid 
a-Keto-butyric acid 
a-Keto-glutaric acid 
3,3-Dimethyl-2-keto-butyric acid 
a-Keto-valeric acid 
a-Keto-pimelic acid

23.6 32.9 
19.9 26.4 
13.2 19.3 
12.8 41.3 
15.0 22.8 
8.9 33.7

52.8 100
69.9 100
76.8 100
40.8 62.7 
10.0 43.3 
28.4 66.6
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in amncnia solution or in acetonitrile containing t-butylamine (4:1 v/v) , 
carbon dioxide was not evolved even after prolonged irradiation times.

TABLE 2.8

The effect of pH ipon the yield of carbon dioxide fran the direct 
irradiation ( ̂ ) of aqueous pyruvic acid solutions (10”  ̂M) under argon

pH Yield (%) of carbon dioxide
0.9<̂ > 21.0
1.85(c) 31.4
6.3(d) 3.4
9.4(d) <1.0

(a) 1.5h irradiation
(b) adjusted with concentrated sulphuric acid
(c) pH of stock solution
(d) adjusted with triethylamine

The yields of carbon dioxide fran acetonitrile solutions of pyruvic 
acid were increased by the addition of water (9:1 v/v) , (Table 2.9).

TABLE 2.9

The effect of water ipon the yields of carbon dioxide fran the direct 
irradiation(̂ ) of acetonitrile solutions of pyruvic acid, under argon

Pyruvic acid 
concentration (M) Solvent Yield (%) of carbon dioxide

10'̂ Acetonitrile 16.0
10"̂ Acetonitrile/Water 32.1
10-' Acetonitrile 16.8
10"' Acetonitrile/Water 35.3

(a) 6h irradiation
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The addition of pyridine greatly enhanced the production of canbon 
dioxide fron benzene solutions of pyruvic acid, vÈiereas only a slight 
enhanconent was observed v±ien the reaction was carried out in 
acetonitrile, (Table 2.10).

TABLE 2.10

The effect of added pyridine (10" ̂M) upon the yields of
carbon dioxide frcm the direct irradiation (a)

-1
of benzene and

acetonitrile solutions of pyruvic acid (10 M) , under argon

Solvent Yield (%) of caibon dioxide Enhanconent
Benzene 1.6 17.2 XBenzene/Pyridine 27.5
Acetonitrile 25.5 1.3 X
Acetonitrile/Pyridine 33.1

(a) 9h irradiation

A most striking finding was that the addition of methyl viologen to an
aqueous acetonitrile-pyridine solution of pyruvic acid, upon irradiation,
increased the yield of carbon dioxide, (Table 2.11) , and led to the
production of reduced methyl viologen, as characterised by its absorption 

49spectrum, (Fig. 2.1).
Enhanced yields of carbon dioxide were also obtained from acetonitrile 

solutions of pyruvic acid irradiated in the presence of various electron 
acceptors, (Table 2.12).

Similarly, pyridine and 1 -cyanonaphthalene increased the yield of 
carbon dioxide from irradiation of a-keto-glutaric acid in acetonitrile, 
(Table 2.13).
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TABLE 2.11

The effect of methyl viologen (10’̂  M) upon the yield 
of carbon dioxide from the direct irradiation ( ̂ ) of pyruvic 

acid (10”̂ M) in acetonitrile/pyrideAbater (8:1:1 v/v), under argon

Conditions Yield (%) of carbon dioxide
Methyl viologen absent 
Methyl viologen present

10.4
20.3

(a) Ih irradiation

TABLE 2.12

Yields of carbon dioxide from the direct irradiation ( ̂ ) of 
pyruvic acid (10"^M) in acetonitrile, under argai, in the presence

of electron acceptors (10"̂  M)

Electron acceptor Yield (%) of carbon dioxide
None 16.8
Pyrene 18.5
Dichlorodicyanoquinane 20.9
1 -Cyanonaphthalene 28.0
Tetracyanoethylene 37.6
9,10-Dicyanoanthracene 43.0

(a) 4h irradiation
(b) 6h irradiation
(c) OD = 1.0 at 370 nm
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FIG. 2.1
Absorption spectrum of reduced methyl viologen produced frcm (A)
5-minute irradiation of pyruvic acid (5 x 10“  ̂M) in acetonitrile/ 
water/pyridine (8:1:1 Vv) solution containing methyl viologen 
(10"2 M) under argon, and (B) 30-minute irradiation of pyruvic 
acid (5 X 10"̂  M) in acetcnitrile/water (9:1 Vv) solution containing 
methyl viologen (10“  ̂M) under argon.
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TABLE 2.13

Yields of carton dioxide frcm the direct irradiation ( ̂ ) of 
a-keto-glutaric acid (10"̂  M) in acetonitrile, and acetcnitrile- 

pyridine solution (4:1 v/v) containing 1-cyanonaphthalene
(10“  ̂M) under argon

Conditions Yield (%) of 
carbon dioxide

Acetonitrile 11.8
Acetonitrile/Pyridine 37.8
Acetcnitrile/Pyridine/l-Cyancnaphthalene 52.8

(a) 6h irradiation

2.3(ii) FLUORESCENCE' QUENCHING STUDIES

a-Keto-glutaric acid and pyruvic acid were found to quench the 
fluorescence of aromatic hydrocartons in degassed solution, (Table 2.14) 
Methyl viologen, an efficient electron acceptor, also led to quenching 
of aromatic hydrocarbon fluorescence.

2.3fii 1 ) FLASH PHOTOLYSIS STUDIES50

Flash photolysis of solutions of pyruvic acid in benzene, acetonitrile 
and water produced transients having a broad absorption band centred 
around 690-700 nm, (Fig. 2.2). The lifetimes of these transients for 
10”  ̂M solutions of pyruvic acid were found to be 68 ± 4, 100 ± 8 and 74 ± 4 
ns respectively. The lifetimes are concentration dependent and for 
acetonitrile solutions the self-quenching rate constant was evaluated as 
»2xio®M"^ s'̂ . Extrapolation to zero concentration gave a lifetime 
for the transient of 500 ns. Furthermore, the addition of pyridine 
suppressed the self-quenching reaction, as evidenced by the increased 
lifetime («150 ns) of the transient, from pyruvic acid, in benzene solution.
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FIG. 2.2
Triplet-triplet transient absorption spectra of pyruvic acid in 
acetonitrile ( O  ). Triplet naphthalene produced by energy 
transfer from triplet pyruvic acid ( □  ).
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The transients are quenched by oxygen and naphthalene, (Das and co- 
workers^^ have evaluated the rate constant for quenching by 1-methyl- 
naphthalene in aqueous acetonitrile as 5.6x10® M'^ s“M. The quenching 
by naphthalene is accarpanied by the appearance of triplet- triplet 
absorption spectrum of naphthalene, (Fig. 2.2) . Fran this observation 
and also the fact that the transient derived fron pyruvic acid is 
produced during the laser flash, the transients are assigned as being due 
to triplet pyruvic acid.

The quantum yields for formation of triplet pyruvic acid were deter
mined by using naphthalene as the triplet counter, and were found to be 
0.88, 0.65 and 0.22 for acetonitrile, benzene and water solutions
respectively. The value obtained for water as solvent matches that

20previously obtained from phosphorescence measurements.
21The flash photolysis results confirm the report by Gloss and Miller 

that naphthalene behaves as a triplet quencher of pyruvic acid, but 
surprisingly the triplet naphthalene produced in this way has a very 
short lifetime (» 145 ns) . Thus triplet naphthalene appears to be 
deactivated by pyruvic acid. Since naphthalene quenches pyruvic acid at 
close to the diffusion-controlled rate, and also from the observation 
that at times vdien the naphthalene triplet- triplet absorption is clearly 
visible, there is little or no absorption due to triplet pyruvic acid 
(Fig. 2.3), it is considered that the short lifetime of triplet 
naphthalene cannot be due to reverse energy transfer fron triplet 
naphthalene to pyruvic acid. It is proposed that triplet naphthalene is 
being deactivated by electron transfer to pyruvic acid. This view is 
supported by the finding that the flash photolysis of deoxygenated 
acetonitrile solutions of pyruvic acid containing naphthalene produces 
species absorbing between 450 and 900 nm, (Fig. 2.4) . These species are
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FIG. 2.3
(a) Decay of triplet pyruvic acid in deoxygenated 

acetonitrile monitored at 650 nm.
(b) Decay of triplet pyruvic acid in deoxygenated 

acetonitrile solution containing 5xi0“  ̂M of 
naphthalene monitored at 650 nm.

(c) Decay of triplet naphthalene monitored at 415 nm 
produced by energy transfer from triplet pyruvic 
acid.
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produced as the najiithalene triplet decays. Precise measurements of 
grew-in times were difficult to evaluate due to the lew optical density 
of the transients. However, the grew-in times are similar to the decay 
of triplet naphthalene. The absorption bands between 600 and 800 nm 
respectively (Fig. 2.4) correspond to those for the naphthalene radical 
cation. The absorption bands between 400 and 600 nm may well be due
to the one-electron products (A) and (B) of pyruvic acid as shewn in 
Scheme 2.11.

* CH3C0 C0 0H
CH3CN

Scheme 211

* CH3-C-COOH
0. (A)

CHjCOCOOH

CH - C -  COOH
^ I 

OH (B)

The addition of methyl viologen , 10'̂  M) to an aqueous
acetonitrile solution (10% water v/v) of pyruvic acid (10'̂  M) led, on 
flash photolysis, to the production of reduced methyl viologen (MV̂ , 
identified by its absorption spectrum which shews a maximum at 620 nm and 
by its long lifetime) . Furthermore, the addition of methyl viologen had 
little effect \jp c n the fluorescence and triplet lifetime of pyruvic acid. 
Thus the reduced methyl viologen is not predcminantly produced by reaction 
of methyl viologen with excited pyruvic acid.

2.3(iv) DISCUSSION OF THE MECHÂ JISM

It has previously been shown that pyruvic acid undergoes photoreduction
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7in hydrogen donating solvents and photo- induced decarboxylation in both 
hydrogen and non-hydrogen donating solvents. ̂  ̂ The excited state 
responsible for décarboxylation has been assigned by sane to the

e e 21 20triplet ’ ’ and others to the singlet. On the basis of CIDNP 
21studies, carbon dioxide production has been suggested to arise via a 

Type 1 process, (Equation 2.19).

CH3 COCOOH - Ü L  CH,CO *  "COOH (2 1 9 )

The quantum yield for carbon dioxide production has been shown to be 
highly solvent dependent.® The Type 1 reaction is normally insensitive 
to solvent unless the solvent perturbs the relative energies of the 
excited states. Since this is probably not the case, it would appear 
that carbon dioxide production does not occur via a sinple Type 1 process.

The results reported confirm the decarboxylation of pyruvic acid 
(Table 2.6) to be highly solvent dependent. Similar results were also 
obtained from other a-keto-carboxylic acids, (Table 2.7) .

A comparison of the quantum yields for triplet production from pyruvic 
acid with carbon dioxide yield (Table 2.6) shows that the decarboxylation 
reaction is unrelated to the triplet yield. If the Type 1 reaction is an 
important mechanism of radiation less decay for triplet pyruvic acid, the 
triplet lifetime in water should be found to be considerably less than 
that in benzene. This rationalisation assumes that the lack of carbon 
dioxide in benzene is not due to geminate radical combination. Such a 
process should not be significantly more efficient in benzene carpared 
with water because of the similarity in their viscosities (0.649 and 
1.002 cP respectively®^). However, the triplet lifetime of pyruvic acid 
in water and benzene was found to be similar.

From the laser flash photolysis study it can be seen (Figs. 2.2, 2.3
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and 2.4) that triplet pyruvic acid is quenched by naphthalene, forming 
triplet naphthalene, vhich subsequently undergoes an electron transfer 
reaction with ground state pyruvic acid leading to the production of 
naphthalene radical cation and pyruvate radical anion, (Schane 2.11) .

To account for the effect of solvent ipon the yields of carbon dioxide 
it is proposed®® that the photo-induced decarboxylation reaction occurs 
via electron transfer from an excited state of pyruvic acid, or its 
anion, to another molecule of pyruvic acid, (Equation 2.20). It is 
conceivable that a similar electron transfer reaction occurs for other 
a-keto-carbojQ^lic acids, (Table 2.7).

[C H jC O œ O H ] + CH3COCOOH —  C H 3-C -C O O H  + CH3C0 + H * *  CO3 (2 201

0.
This reaction will, of course, be favoured by the use of polar 

solvents. The lack of reaction in benzene can be ascribed to the lew 
polarity of the solvent, and to the almost negligible concentration of 
pyruvate anion. The addition of small amounts of pyridine should 
facilitate the decarboxylation reaction (by forming sane pyruvate anion 
which is capable of reducing another molecule of pyruvic acid) , and this 
was found to be the case, (Table 2.10) . There is also the possibility 
that pyridine could act as a polar environment to aid electron 
transfer.®®’®*̂ From the flash photolysis s tu à ^ f pyridine was found to 
suppress the self-quenching reaction of pyruvic acid, and as such could 
lead to increased decarboxylation.

Pyridine is not unique in being able to enhance the decarboxylation 
reaction; water was also capable of increasing the yields of carbon 
dioxide, (Tables 2.6 and 2.9) , presumably by the liberation of scree 

pyruvate anion, (Equation 2.21).
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CHgCOCOOH + H jO  — -  CHaCOCOO’  + H 3O * (2 211

Frcm the above results it can be seen that décarboxylation is 
increased when small amounts of pyruvate anion are produced in the 
solution. Hcwever, the decarboxylation of pyruvic acid shewed a marked 
pH dependence, (Table 2.8) , beccming inefficient under alkaline 
conditions. This shews that vben pyruvic acid exists mostly in its 
anionic form the electron transfer reaction (Equation 2.20) cannot take 
place as there are fewer pyruvic acid molecules which are capable of 
being reduced, and hence carbon dioxide production ceases.

The finding that both water and pyridine®® catalyse the décarboxylation 
of pyruvic acid, and the observation of a pH dependency upon the latter 
reaction, have been confirmed in a subsequent publication.^®

The formation of reduced methyl viologen (MV̂ , Fig. 2.1) is attribut
able to electron transfer from a reduced species [ (A) and/or (B) ] of 
pyruvic acid, (Scheme 2.12).

(A) C H 3 -C -C O O H  + m / *  — ► CH3COCOOH + M V *

0 .
.2+IB) CH3-C-COOH + MV^ — -  CH3-C-COOH + MV*

OH OH

Scheme 2 12

From the laser flash photolysis study it was found that reduced methyl 
viologen is not produced by direct reaction of methyl viologen (10"̂  M) 
with an excited state of pyruvic acid (10”̂ M) , vhich reflects the higher 
concentration of the pyruvic acid and its ability to accept an electron.

thfortunately the observation of the formation of reduced methyl 
viologen is not unequivocal evidence for the formation of (A) and (B) in
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the fhotoreactiCTis of pyruvic acid. It is possible to rationalise the 
formation of reduced methyl viologen via a Type 1 mechanism, (Equation 
2.19) . This requires that species such as CH3CO and 'COOH are 
sufficiently long-lived in solution to undergo bimolecular reactions, 
and that these radicals do not efficiently react with each other to give 
acetaldehyde and carbon dioxide, (Scheme 2.13).

CH3COCOOH — ► CH3CO + COOH 

CH3CO *  M V "  — ► CH3CO* 4  M V *  

•COOH 4 M V ' *  —  H *  4 CO3 4 M v V  

Scheme 213

It is noteworthy that the photochemically unreactive t-buty 1-pyruvate 
was capable of forming reduced methyl viologen vhen irradiated in 
degassed solutions containing methyl viologen, (see Chapter 3) .

According to the postulated mechanism (Equation 2.20) it should be 
possible to sensitize the photo-induced decarboxylation of pyruvic acid 
by irradiation in the presence of electron acceptors. This hypothesis 
was confirmed (Tables 2.11 and 2.12) and the results obtained lend 
credence to the electrœ* transfer mechanism. Addition of methyl viologen 
-to aqueous aoetonitrile-pyridine solutions of pyruvic acid sensitized the 
photo-induced decarboxylation (Table 2.11) , which indicates that electron 
transfer from the pyruvate anion of pyridinium pyruvate to methyl 
viologen is effective in carbon dioxide production. Table 2.12 shows 
that known electron acceptors can sensitize the decarbô q/'lation of 
pyruvic acid. Compounds such as 9,10-dicyanoanthracene (DCA) have been 
shown to take part in electron transfer reactions,®® and a mechanism 
involving electron transfer from pyruvic acid to the electron acceptor.
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e.g. DCA, would account for the sensitization process, (Scheme 2.14).

DCA DCA* DCA" ♦ ^ CH,C-COOH ̂
0 7

1
CH,CD+ CO, 4 H*

Scheme 214

That the fluorescence of aromatic hydrocarbons can be quenched by 
a-keto carboxylic acids suggests that an energy transfer process is 
occurring, although an electron transfer contribution to the quenching 
cannot be ruled out.®® a-Keto-carboxylic acids have been shown to 
undergo electrochemical reduction, so there is the possibility that 
electron transfer to the a-keto-carboxylic acid may be a conpeting 
process for reaction with relatively weak electron acceptors. This 
reaction would lead to inefficient decarboxylation whereas electron 
transfer from the acid to the electron acceptor will result in efficient 
decarboxylation, (Equation 2.22).

electron transfer 

CH3-C-COOH 4-tg ---  CH3COCDOH
0-  \  electron transfer

from acid

CH3-C-COOH ̂ II0•f •
. *CH3CO 4 [0̂ 4 H*

Summary
From laser flash photolysis and decarboxylation studies, it is

(2 22)
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proposed that the photo-induced decarbosQ^lation of a-keto- carboxylic 
acids such as pyruvic acid occurs via electron transfer fron an excited 
to ground state molecule. That electron acceptors sensitize the photo
induced decarboxylation reaction lends credence to the proposed electron 
transfer mechanism.
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2.4 THE EFFECT OF TRIPLET QUENCHERS UPON THE PHOTO-INDUCED 
DECARBOXYLATION OF Q'-KETO-CARBOXYLIC ACIDS

As the excited state responsible for the decarboxylation reaction has 
been assigned to both the singlet^® and triplet,®’® t h e  following 
investigation was performed in an attenpt to elucidate the exact nature 
of the excited state responsible for photoreaction.

2.4(i) INITIAL QUENCHING STUDIES

The yields of carbon dioxide from the irradiation of a variety of a- 
keto-carboxylic acids in methanol and acetonitrile solutions containing 
naphthalene are shewn in Table 2.14.

TABLE 2.14

Yields of carbon dioxide from the direct irradiation of 
a-keto-carboxylic acids under nitrogen in (A) methanol and 
(B) acetonitrile solutions containing naphthalene (0.5xl0''̂ M)

Yield (%) of carbon dioxide
a-Keto-carboxylic acid (A) Methanol/Ï̂ aph. (B) Acetonitrile/Naph.

(10-2M) 6h 20h 6h 20h
Pyruvic acid • 23.6 32.9 43.1 86.3
a -Keto-butyric acid 16.2 22.3 50.0 84.5
a-Keto-glutaric acid 18.3 22.3 53.6 84.1
3,3-Dimethyl-2-keto- 
butyric acid 16.5 52.2 63.4 98.3
a-Keto-valeric acid 19.3 29.2 29.2 69.0
a-Keto-pimelic acid 20.7 48.7 41.4 84.5

By corrparison to the yields of carbon dioxide in the absence of 
naphthalene (Table 2.7) , it can be seen that the addition of naphthalene 
to the solutions in some cases quenched the carbon dioxide production, and
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in other cases led to enhanced yields of carbon dioxide. The latter 
observation is surprising and further experiments were performed on 
individual a-keto-carboxylic acids in order to ascertain the mechanism 
by vhich na^thalene can enhance the carbon dioxide production. In these 
experiments all the incident light led to excitation of the n-ïï* 
transition of the a-keto-carboxylic acids.

2.4(ii) PYRUVIC ACID

The photo-induced decomposition of pyruvic acid was monitored by 
n.m.r. spectroscopy in deuterated acetonitrile and deuterated benzene 
solutions (Fig. 2.5). Irradiation of pyruvic acid in deuterated 
acetonitrile solution led to the rapid consumption of the acid, and the 
addition of naphthalene was seen to markedly retard the rate of 
disappearance of pyruvic acid. This suggests that the triplet state of 
pyruvic acid is being deactivated by naphthalene and hence slowing down 
its photodecomposition. However, the rate of photodecomposition in 
deuterated benzene was exceedingly slew, and the addition of naphthalene 
brought about an increase in the rate of disappearance of the acid, (Fig. 
2.5). The photodecomposition of pyruvic acid in benzene has previously 
been shown to be inefficient®’®’̂ ^’®® and these results are confirmed.

The effect of added triplet quenchers, naphthalene and iryrcene, upon 
the quantum yield for carbon dioxide production was studied in aceto
nitrile and benzene solutions and the results shown in Figure 2.6. The 
effect of cyclohexa-1,3-diene i:pon the reaction was studied in benzene 
solution and the results shown in Figure 2.7. As can be seen, quenching 
occurred but with varying efficiency. Since the triplet lifetime of 
pyruvic acid is known,®® the slope of the Stem-Volmer plot can be 
calculated if it is assumed that energy transfer occurs at the diffusional
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FIG. 2.5
Irradiation of pyruvic acid (10“  ̂M) in (a) deuterated 
acetonitrile solution (O), (b) deuterated acetonitrile 
solution containing naphthalene (10"̂  M, V), (c) 
deuterated benzene solution ( + ), and (d) deuterated 
benzene solution containing naphthalene (10“̂  M, □) , 
under nitrogen.
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FIG. 2.6
Quantum yields for carbon dioxide production frcm 9h irradiation of 
pyruvic acid (2 x lO"̂  M) in the presence of varying amounts of quencher, 
(a) naphthalene in acetonitrile solution (O), (b) naphthalene in 
benzene solution ( A ) , (c) nyrcene in acetonitrile solution ( + ), and
(d) nyrcene in benzene solution (□), under nitrogen.
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controlled limit of 3 x iô ° M"^ s"^, and for acetonitrile gives a Kgy 
value of 3000, and for benzene-a Kgy value of 2240. 1-Methylnaphthalene 
has previously been shown to quench pyruvic acid with a quenching 
constant of 5.6 x lÔ  s" ̂ which is close to the diffusional controlled 
l i m i t . T h e  observed slope of the Stem-Vohner plots (Figs. 2.6 and 2.7) 
give a ICgy value of 850 for naphthalene quenching in acetonitrile and a 
Kgv value of 3.3 for cyclohexa-1,3-diene quenching in benzene. From these 
results it is apparent that the quenchers are not quenching at the 
diffusional controlled limit or else the quenchers are quenching triplet 
production but enhancing carbon dioxide production via sane other route. 
The effect of the added quenchers upon the disappearance of a-keto- 
carboxylic acids was evaluated by monitoring the decrease in the absorp
tion of the acid at 350 nm, and carparing this to the decrease observed 
in the absence of quencher. The results are shewn in Table 2.15, and in
sane cases the quencher retarded, and in others accelerated the
decomposition of pyruvic acid. The n.m.r. observation that naphthalene 
accelerates the decomposition in benzene (Fig. 2.6) was confirmed by the 
absorption spectroscopic studies, (Table 2.15).

Naphthalene is not unique in being able to assist the decarboxylation 
of pyruvic acid, and several other aromatic hydrocarbons were found to 
behave in the same way, (Table 2.16) . That these compounds can aid the
carbon dioxide production is shown by the results utilising benzene as
solvent.

2.4 (iii) OTHER a-KETO-CARBOXÏLIC ACIDS

The effect of added quencher upon the quantum yield for carbon dioxide 
production was investigated using other a-keto-carboxylic acids.

Naphthalene and nyrcene led to quenching of carbon dioxide production
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TABLE 2.16

Yields of carbon dioxide fron irradiation(̂ ) of pyruvic acid (10"̂ M) 
(A) in benzene solution and (B) in acetonitrile solution containing 

various aromatic hydrocarbons (10" ̂ M), under argon

Aromatic hydrocarbon 
(10""̂ M)

Yield (%) of carbon dioxide
(A) Benzene (B) Acetonitrile

None 2.2 16.0
Naphthalene 19.9 1.9
2 -Methy Inaphthalene 21.9 2.2
2,3-Dimethy Inaphthalene 32.3 5.9
2,6-Diraethy Inaphthalene 34.5 7.3
Phenanthrene 19.7 6.8

(a) 6h irradiation

from a-keto-glutaric acid in acetonitrile solution (Fig. 2.8) and also 
retarded the consumption of the acid, (Table 2.15). This indicates that 
the triplet state of a-keto-glutaric acid is being deactivated by the 
quenchers and hence retarding the decarboxylation reaction. Due to 
solubility problems the effect of these quenchers upon a-keto-glutaric 
acid in benzene solution could not be assessed.

It is known that a-keto-carboxylic acids capable of undergoing the 
Type II fragmentation reaction, e.g. a-keto-octanoic acid, react from the 
excited singlet state. However, naphthalene and nyrcene were found to 
have a marked effect upon the quantum yield of carbon dioxide production 
from a-keto-octanoic acid in acetonitrile and benzene solutions (Fig.
2.9) , and little effect upon the decoxiposition of the acid, (Table 2.15). 
Cyclohexa-1,3-diene was found to accelerate the decomposition of a-keto- 
octanoic acid in benzene solution (Table 2.15) , but the effect on the 
quantum yield of carbon dioxide production was dependent upon the concen
tration of cyclohexa-1,3-diene, (Fig. 2.6). At high concentrations it
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led to quenching of the carbon dioxide production. a-Keto-octanoic acid 
undergoes the lÿpe II reaction leading to the formtion of pent-l-ene 
and pyruvic acid frcm the excited singlet s t a t e . T h e  enhanced carbon 
dioxide yields obtained frcm u-keto-octanoic acid could arise frcm the 
reaction of naphthalene with the triplet state of the acid, or frcm 
reaction of triplet pyruvic acid formed frcm the Type II fragmentation of 
a-ketCHOCtanoic acid. Hcwever, if carbon dioxide was arising frcm the 
pyruvic acid produced via the Type II reaction, one would e x p e c t to 
observe a marked quenching of the quantum yield for carbon dioxide 
production by naphthalene in acetonitrile solutions of a-keto-octanoic 
acid, as is observed for pyruvic acid itself, (Fig. 2.6). As this is not 
the case for naphthalene quenching of a-keto-octanoic acid in acetonitrile 
solution, it seems that the enhanced carbon dioxide yields are due to 
naphthalene interacting with the starting acid and not the pyruvic acid 
that is produced via the Type II reaction.

The quantum yields for disappearance of a-keto-valeric acid in 
acetonitrile solution as shown in Figure 2.10, were obtained by following 
the decrease in absorption of the acid at 350 nm in the presence of 
varying amounts of naphthalene. The carbon dioxide yield was found to be 
highly dependent on the naphthalene ccncentraticn, and in each case gave 
a hi^er yield than in the absence of naphthalene, the enhanconent being 
most prominent at low naphthalene concentrations, (Fig. 2.10) . It would 
appear that a-keto-valeric acid can react by processes other than the 
Type II reaction from its singlet state, and the addition of naphthalene 
to solutions of this acid quenches sane of the former processes. The 
carbon dioxide yields may be perturbed by pyruvic acid which is formed 
via the Type II reaction of a-keto-valeric acid.
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FIG. 2.10
Yields of carbon dioxide production (O) and quantum yields of 
decomposition of a-keto-valeric acid (10“  ̂M □) frcm 4.5h 
irradiation in acetonitrile solutions containing varying amounts 
of naphthalene, under nitrogen.
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2.4(iv) THE MECHANISM OF DECAFBOXYLATIOSf

It has previously been shcwn^® that triplet pyruvic acid is quenched 
by naphthalene forming triplet naphthalene which reacts with pyruvic acid 
to give the naphthalene radical cation. It is conceivable that the 
naphthalene radical cations could react with pyruvic acid to produce 
carbon dioxide, (Scheme 2.15).

NpH* + CH3COCOOH —  NpH + CH3-C-COOH
0
I

CH3C0 ♦ COj+ H*
Scheme 2-15

In order to rationalise the effect of solvent upon the sensitization 
of carbon dioxide production and the rate of photodeccmposition of 
pyruvic acid by quenchers suoh as naphthalene, the following mechanism 
is proposed, (Scheme 2.16).

(CH3C0C00H)  ̂ ♦ CH3COCOOH - L .  CH3-C-COOH +CH3CO ♦ CO3* H*

NpH
0-  

NpH

Quenching ---------- CH3 — C - COOH ♦ NpH*

0. \C H 3COCOOH

NpH + CH3CO ♦ CO2 + H* 
Scheme 216

In acetonitrile solution photodecomposition of pyruvic acid leading 
to carbon dioxide production via route 1 is relatively efficient. In the 
presence of naphthalene the triplet pyruvic acid can be physically 
quenched via route 2 v^ch will reduce the carbon dioxide yield. There
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is also the possibility that quenching of triplet pyruvic acid by 
naphthalene will lead to the formation of radical ions via route 3 and 
this could result in the enhancanent of carbon dioxide production.
However, no overall enhancement of carbon dioxide will be observed due 
to the fact that reaction via route 1 is efficient and the addition of 
naphthalene to acetonitrile solution simply suppresses this reaction by 
the conbined effects of routes 2 and 3.

In benzene solution the photodecomposition of pyruvic acid leading to 
carbon dioxide production via route 1 is very inefficient and gives rise 
to extremely lew yields of carbon dioxide. In the presence of naphthalene, 
quenching of triplet pyruvic acid can occur via route 2 and could lead to 
reduced carbon dioxide yields. As the carbcn dioxide yields are enhanced 
by naphthalene, the contribution of route 2.may be small, and quenching 
of triplet pyruvic acid leading to the formation of radicals via route 3 
inportant. This could result in increased yields of carbon dioxide by the 
subsequent reaction of naphthalene radical cations with pyruvic acid 
molecules. Thus in benzene solution the addition of naphthalene enhances
the carbon dioxide yield by route 3, as reactions by route 1 (and/or
route 2) are unfavourable for carbcn dioxide production.

The balance between quenching of triplet pyruvic acid by naphthalene 
leading to triplet naphthalene, and the subsequent reaction of triplet 
naphthalene to give radical formation (and hence carbon dioxide production) 
will determine the quantum yield of carbcn dioxide, i.e.

CHgCOCOOH^ + NpH —  NpĤ  + CH3COCOOH 

CH3COCOOH + NpĤ  — ► radicals — ► [ 0%

Therefore in retrospect the carbon dioxide yields, and rate of photo- 
decaiposition, are not particularly good guides as to the efficiency of
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quenching, since a number of triplet arcmatic hydrocarbons sensitize 
carbon dioxide formation, (Table 2.16).

The mechanism described in Scheme 2.16 can be used to account for the 
quenching effects noted with other a-keto-carboxylic acids and quenchers.

That the triplet state of the a-keto-carboxylic acids are involved is 
shewn by the ability of naphthalene to quench the carbon dioxide produc
tion frcm acetonitrile solutions of pyruvic and a-keto-glutaric acids.

The ability of nyrcene to quench the decomposition and decarboxylation 
of the a-keto-carboxyiic acids will be dependent ipon the relative 
efficiency with vhich this quencher deactivates triplet production 
giving rise to radical formation, i.e. a partioning effect between the 
two reactions will be operative.

Cyclohexa-1,3-diene undergoes [2 + 2] cycloaddition reactions with
pyruvic acid and a-keto-octanoic acid,®^’̂ ^ and the occurrence of this
reaction would account for the observed quenching of carbcn dioxide
production and the accelerating effect that this compound exerts on the
disappearance of the acids. At high concentrations of cycldiexa-1,3-
diene, photo -addition can occur by reaction of the diene with the

64excited singlet state of the acids, vbich accounts for the difference 
in the Kgy value observed for reaction with pyruvic acid. A further 
consequence of the occurrence of the cycloadditicn reaction of the 
excited singlet state of the acid is that the triplet yield of the acid 
will be reduced, and consequently the carbon dioxide yield also. At lew 
concentrations of cyclohexa-1,3-diene, carbon dioxide production is 
enhanced by reaction of the diene triplet with the acid giving rise to 
radical formation (via route 3). This explains the results obtained with 
pyruvic and a-keto-octanoic acids in the presence of oyclohexa-1,3-diene.

These results, showing that addition of what should be a quencher for
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a reaction can lead to enhanced product formation via a sensitization 
process are not unique. It has previously been reported®^ that if inter
action of an excited state with "quencher" leads to product formation, 
rather than to other modes of decay, then "negative" Stem-Vohær plots 
will be obtained. Such Stem-Volmer plots have been observed for piperylene 
quenching of acetone sensitized reactions of trans-crotyIchloride, ̂ ̂ and 
for piperylene quenching of acetone sensitized rearrangement of norboma- 
diene to quadricyclene.^^ These results^^’®® are discussed in terms of 
the "quencher" in effect acting as "sensitizer" of product formation.

The mechanism proposed in Scheme 2.16 is similar to that proposed to
account for the acceleration by azulene of reduction of dyes by allyl- 

67thiourea. Irradiation of thionine in the presence of allylthiourea 
produces the reduced form of thionine, leucothionine. The addition of 
the quencher azulene was found to dramatically increase the rate of the 
reduction process. Azulene was found to react with thionine to produce 
radicals, via an electron transfer process, which subsequently undergo 
reaction with the allylthiourea and give rise to increased amounts of 
leucothionine.® ̂

Summary
The addition of triplet quenchers to solutions of a-keto-carboxylic 

acids can enhance the photo-induced decarboxylation reaction, and this is 
proposed to occur via interaction of quencher with the triplet state of 
the acid leading to radical formation, and the subsequent reaction of 
quencher radical cation with another molecule of a-keto-carbosq^lic acid.
The results shew that the previously held view that the addition of a 
quencher should retard product formation does not hold in all cases, as 
other processes may be operative which can lead to an actual sensitization 
of product formation.
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2.5 THE DIRECT AND SENSITIZED PHOTO-OXIDATIVE DECARBOXYLATION OF 
g-KETO-CARBOXÏLIC ACIDS

2.5(i) DIRECT PHOTO-OXIDATIVE DECARBOXÏIATICN

Pyruvic acid was found to undergo direct gboto-oxidative decarboxyla
tion in a wide variety of ccygenated solutions, (Table 2.17).

TABLE 2.17

Yields of carbon dioxide frcm the direct irradiation ( ̂ ) of 
pyruvic acid (10“^M) under oxygen, in various solvents

Solvent Yield (%) of carbon dioxide
Acetone 101
Acetonitrile 73.1
Benzene 46.5(b)
t-Butanol 76.3
Chloroform 52.4
Dimethy Iformamide 85.3
DimethyIsulphoxide 15.0
Dioxan 18.0
Ethanol 23.6
Methanol 32.5(b)
Water 62.1

(a) 3h irradiation
(b) 6h irradiation

The yield of carbcn dioxide is clearly highly dependent upon the type 
of solvent, (Table 2.17). Other a-keto-carboxylic acids also yielded 
carbon dioxide on irradiation in acetonitrile and methanol. In the latter

7solvent photoreduction of the a-keto-carboxylic acid can also occur,
(Table 2.18).

The addition of small amounts of pyridine enhanced the decarboxylation 
of oxygenated benzene solutions of pyruvic acid, with only a slight
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TABLE 2.18

Yields of carbcn dioxide frcm the direct irradiation of 
a-keto-carbcxylic acids (10"̂  M) under oxygen (A) in 

methanol and (B) in acetonitrile

a-Keto-carboxylic acid 
(lO'Z M) .

Yield (%) of carbcn dioxide
(A) Methanol (B) Acetonitrile
6h 20h 6h 20h

Pyruvic acid 32.5 57.9 141.3 160.0
a-Keto-butyric acid 41.4 61.2 148.6 156.4
a-Keto-glutaric acid 52.4 72.7 123.0 140.5
3,3-Dimethyl-2-keto-butyric acid 32.9 61.3 145.6 189.0
a-Keto-valeric acid 45.3 78.4 112.9 154.5
a-Keto-pimelic acid 46.5 94.8 98.9 133.8

TABLE 2.19

The effect of added pyridine (10'̂  M) upon the yields of 
carbon dioxide frcm the direct irradiation of benzene 

and acetonitrile solutions of pyruvic acid (10“ ̂ M) under oxygen

Solvent Yield (%) of carbcn dioxide Enhancement
Benzene
Benzene/Pyridine
Acetonitrile
Acetonitrile/Pyridine

14.1
48.1 
39.9 
50.4

3.4 X

1.3 X

(a) 9h irradiation

enhancement being observed for similar acetonitrile solutions, (Table
2.19) .

Thus the presence of sane pyruvate anions of pyridinium pyruvate
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facilitates the decarboxylaticn in oxygenated solution, albeit to a 
lesser extent than in degassed benzene solutions (Table 2.10). This 
gives an indication as to the efficiency of carbon dioxide production 
from a-keto-carbcxylie acids under oxygen, which after long irradiation 
periods yields greater than one mole of carbon dioxide per mole of a-keto- 
carbojylic acid consumed, (Table .2.18).

It seaned reasonable to assume that under oxygen the first mole of 
carbcn dioxide is derived from the carboxyl group, whilst the second mole
arises fran the carbonyl group of the a-keto-carbocylic acid. To veri:fy
this hypothesis, isotopically labelled pyruvic acids were oiployed,®®
(Table 2.20). It was found that 1- -pyruvic acid produced labelled
carbon dioxide in the presence and absence of coy gen, vbereas irradiation
of 2-[ C] -pyruvic acid gave rise to labelled carbon dioxide under oxygen, 
with only negligible amounts being detected under nitrogen, from aceto
nitrile solutions of the acids, i.e:

CHaCO’Y o O H  '“co,

CH^'COCOOH -CO3 ̂ hv 2

The second mole of carbon dioxide obtained under oxygen, could well be 
derived from per-acetic acid, as per-acids are known to be intermediates
in the dye-sensitized photo-oxygenation of a-keto-carboxylic acids.

69Indeed per-acetic acid was found to undergo photo-induced decarboxylation 
under the irradiation conditions employed, (Table 2.21) .

The rôle that singlet oxygen may play in the direct photo-oxidative 
decarboxylation of a-keto-carboxylic acids was evaluated by measuring the 
rate of carbon dioxide production in deuterated and non-deuterated 
solvents, for both pyruvic and a-keto-glutaric acids. The solvent
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TABLE 2.21

Yields of caiixai dioxide fran irradiationof acetonitrile 
solutions containing per-acetic acid (0.032M) under oxygen

and argon

Conditions Yield (%) of carbcn dioxide
Oxygen
Argon

14.7
20.7

(a) 9h irradiation

isotope effects obtained in each case were small, (Table 2.22).
a-Keto-octanoic acid, which is capable of undergoing the lÿpe II 

reaction, gave good yields of both pent-l-ene and carbon dioxide under 
oxygen, (Table 2.23). That both a x ^ e n  and naphthalene had little effect 
on the yield of pent-l-ene produced from the Type II fragmentation of 
a-keto-octanoic acid would suggest that the Type II reaction occurs from 
the singlet state^^ and not the triplet state as previously reported.

TABLE 2.23

Yields of pent-l-ene and carbon dioxide from irradiation(̂ ) of 
a-keto-octanoic acid (5 xio'̂  M) in benzene solution under oxygen

and under argon

Conditions % Pent-l-ene % Carbon dioxide
Argon purged 46 14.6
Argon purged^^) 45 15.0
Oxygen purged 38 69.9

(a) 18h irradiation
(b) containing naphthalene (1 x 10"̂  M)
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2.5(ii) DISCUSSIŒ

In studies on the c^e-sensitized photo-ocQ̂ genaticai of a-keto-carbcxylic 
acids it was found that, in many cases, more than one mole of carbcn 
dioxide was liberated from one mole of the a-keto-carbcoQ^lic acid.^^'^^
The results presented in Table 2.18 shew that in the direct photo-induced 
decarboxylation of a-keto-carboxylic acids under o x y g e n , a similar 
situation arises, i.e. more than one mole of carbon dioxide is produced. 
From the studies utilising isotopically labelled pyruvic acids (Table
2.20) it is clear that photo-oxidative decarboxylation occurs from both 
the C-1 (carboxyl) and C-2 (carbonyl) positions of the a-keto-carboxylic 
acid.

Per-acids have been reported to be intermediates in the dye-sensitized 
photo-oxygenation reaction of a-keto-carboxylic a c i d s , a n d  it is 
proposed that the second mole of carbon dioxide (from the C-2 carbonyl 
position) is produced via a per-acid intermediate; per-acetic acid in 
the case of pyruvic acid, (Equation 2.23)

hv hv
CH3COCOOH-g— CH3CO3H — CO; + other products (2 23)

That per-acetic acid undergoes photo-induced decarboscylation under the
irradiation conditions eirplĉ yed was verified, (Table 2.21) . The per-acetic
acid may also undergo sensitized decarboxylaticn in which the pyruvic acid

70acts as sensitizer. It is known that per-acetic acid gives carbon 
dioxide on direct irradiation in the absence of oxygen, and this was 
confirmed, (Table 2.21). The per-acids so produced cxuld also undergo a 
Baeyer-Villiger reaction, but from the yields of carbon dioxide obtained 
(Table 2.18) this appears to be a minor route for reactions carried out 
under oxygen.
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The inevitable question arose as to whether singlet oxygen is involved
in the photo-oxidative decarboxylation process. Frcm the small solvent
isotope effects observed (Table 2.22) , [if these are, in fact, true
solvent isotope effects], the difference in rate indicates that little,
if any, of the decarboxylation occurs via singlet oxygen. However,
there is a fallacy in this argument in that very small solvent isotope
effects would be observed if the a-keto-carbosQ̂ 'lic acid generated singlet
oxygen and inmediately reacted with it, i.e. the reaction with singlet

71oxygen did not involve a diffusional process. Previous measurements of 
the rate constants for reaction of singlet oxygen with a-keto-carboxylic 
acids suggest that because of their extremely lew values, a large solvent 
isotope effect should have been observed if singlet oxygen was involved.

The photo-induced decarboxylation of pyruvic acid in deoxygenated 
solution does not involve a Type I cleavage but occurs via a bimolecular 
electron transfer process,(Equation 2.24).

(CHjCOCOOH)^ ♦ CH3COCOOH — - C H 3 -Ç -C O O H  ♦ CH3 C0  + CĈ + H* 

(2  2 4 )

In the presence of oxygen at a concentration approximately that of the 
acid, electron transfer to oxygen could also occur, (Equation 2.25).

CH3COCOOH ♦ 0 ; — ► C H 3C0  ♦ C O ;. H* t 0 ;  ( 2  2 5 )

The acetyl radicals generated in these processes (Equations 2.24 and
2.25) can be scavenged by oxygen to give per-acetic acid. The pyruvate
radical anion should be oxidised by oxygen to give the superoxide anion,
and the latter species may well participate in the photo-oxidative 

31degradation. It is also possible that per-acetic acid may suffer 
further degradation by reduction with an electron derived from either the
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excited pyruvic acid or the pyruvate radical anion, (Equation 2.26) .

i  ♦ CH3CO3H —  HO". CO; .  CH3 12 26)

The above rationalisation c:an be applied to explain the photo-
oxidative decarboxylation of other a-keto-carboxylic acids which give
rise to greater than one mole of carbon dioxide.

Interestingly, a-keto-carboxylic acids which undergo the Type II
reaction gave good yields of carbon dioxide. In the case of a-keto-
octanoic acid the presence of oxygen had little effect on the yield of
pent-l-ene, and therefore the oxygen does not appear to be reacting with

72the intermediate 1,4-diradical.
The carbon dioxide generated in these reactions is probably ccming 

frcm the pyruvic acid generated in the Type II process, (Equation 2.27) .

ch3(cH;)5Cdcooh — ch3CH;CH;Ch=ch,. ch,cocoon

0 ;/N  

CO

hv (2 27)

2

Sunmarv
a-Keto-carbcxylic acids undergo direct photo-oxidative decarboxylation, 

which hitherto is unreported. Carbon dioxide is produced frcxn both the 
C-1 and C-2 positions via a per-acid intermediate. Singlet oxygen, does 
not appear to be involved in the process and a me<ohanism mediated via an 
electron transfer process is postulated.

2.5(iii) SENSITIZED PHOTO-OXIDATIVE DECARBOXYLATION

The photo-oxd.da.tive decarboxylation of a-keto-carboxylic acids can be
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sensitized by a variety of arcmatic hydrocarbons, as shewn in Table 2.24.
In each case irradiation led to the excitation of the arcmatic hydrocarbon, 
vhich absorbed greater than 95% of the incident light. In sane cases, the 
yields of carbon dioxide in the presence of the sensitizer were Icwer than 
those obtained in the direct irradiation. However, as the arcmatic 
hydrocarbon absorbed all the incident light the carbon dioxide must be 
arising via a sensitization process. Sensitization was found to occur 
when canpounds that can act as electron acceptors, e.g. 9,10-dicyano- 
anthracene were used, and also by using carpounds that are capable of 
undergoing hydrogen abstraction reactions, e.g. acridine.

The direct photo-oxidative decarboxylation of a-keto-carboxylic acids
73has been suggested to involve an electron transfer mechanism. The

finding that electron acceptors can sensitize the decarboxylation
73reaction lends credence to the reported mechanism. The efficiency of 

the decarboxylation reaction in the presence of sensitizer may, in some 
cases, be less than that for the direct reaction. This would account for 
the lower carbon dioxide yields obtained with sensitizers such as 1-cyano- 
naphthalene. A diffusional process may be occurring between the excited 
sensitizer and a-keto-carboxylic acid molecules, i.e. the sensitizer 
molecules have to migrate to form exciplexes with the a-keto-carbcxylic 
acid. Such a diffusion process could also lead to an apparent reduction 
in the carbon dioxide yield vhen compared to the direct reaction, in which 
the a-keto-carbcxylic acids could break down in situ. As previously 
discussed electron transfer from the sensitizer to the a-keto-carbcxylic 
acid could be a carpeting process and lead to a reduction in the amount of 
carbon dioxide produced vhen compared to the relatively efficient direct 
photo-oxidative decarboxylation.

The following mechanism is proposed (Scheme 2.17) in order to account
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for the sensitization of carbon dioxide production via electron acceptors, 
(EA).

R-COCOOH ♦ EA

R-C-COOH ♦ EA- 
I0.

R-C-COOH ♦ EA"

CO, * other products
hv

RCO ♦ CO,RCO,H
H donor

Scheme 217

Superoxide anicn, formsd by electron transfer frcm either the pyruvate 
radical anicn or electron acceptor radical anion, may also be participating 
in the reaction.

As previously stated a sensitization process must be occurring as 
irradiation initially leads to the formation of excited sensitizer mole
cules.

Sensitization, by canpounds that can take part in hydrogen abstraction 
processes has been further investigated by using acridine as sensitizer.

2.5(iv) ACRIDINE SENSITIZED PHOTO-OXEDATIVE DECARBOXYLATION

Acridine was found to sensitize the photo-oxidative decarboxylation of 
various a-keto-carboxylic acids, (Table 2.24). The addition of pyridine 
to acetonitrile solutions of pyruvic acid containing acridine effectively 
reduced the yield of carbon dioxide, (Table 2.24) .

The addition of increasing amounts of pyruvic acid to acetonitrile
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solution of acridine led to the formation of a highly fluorescent species, 
the intensity of vdiich increased with increasing pyruvic acid concentra
tion, (Fig. 2.11). It is suggested that the fluorescent species is the 
protonated form of acridine. A similar fluorescent species was also 
(±)served vtien dilute hydrochloric acid was added to acetonitrile solutions 
of acridine, and its intensity was found to decrease markedly upon the 
addition of pyridine, (Fig. 2.12). It would therefore appear that 
protonation of acridine by pyruvic acid to form acridinium pyruvate, is 
a pre-requisite for decarboxylation of such systans, and the addition of 
pyridine decreases the amount of protonated acridine, by a carpeting 
process forming pyridinium pyruvate, and leads to a decrease in the yield 
of carbon dioxide. In the latter case the acridine would merely be 
acting as a light filter.

The addition of acridine to acetonitrile solutions of a-keto-valeric 
acid led, upon irradiation, to the production of greater than one mole 
of carbon dioxide under coq̂ gen, and to one mole of carbon dioxide frcm 
similar irradiations under argon, (Table 2.25) . In each case the yields 
of carbon dioxide are higher in the presence of acridine, than in the 
direct irradiations.

TABLE 2.25

Yields of carbon dioxide frcm irradiation of a-keto-valeric acid 
(10'̂  M) , (A) in acetonitrile solution and (B) in acetonitrile 
solution containing acridine (10“ ̂M), under oxygen and argon

Conditions Yield (%) of carbon dioxide
(A) Acetonitrile (B) Acetonitrile/Acridine

9h 20h 9h 20h
Argon 16.7 24.4 100 100
Oxygen 98.7 112.7 142.5 180.3

-155-



m

in

rsim

m

E 
c

cCJ
%>m

X4ISU94UI 9]U9]S3Jony
FIG. 2.11
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An interesting observation is seen in the acridine sensitized photo- 
oxidative decarboxylation of a-keto-glutaric and a-keto-pimelic acids, 
(Table 2.26). In both cases prolonged irradiation led to the production 
of greater than two moles of carbon dioxide frcm each acid. Similar 
irradiations under argon led to the production of greater than one mole 
of carbon dioxide in each case. Again the yields of carbon dioxide are 
substantially higher in the presence of acridine vhen compared to the 
yields obtained frcm the direct irradiation.

a-Keto-glutaric and a-keto-pimelic acids both contain a second 
carboxylic acid group, and it would appear that the third mole of carbon 
dioxide produced from irradiation of such acids under oxygen may originate 
from this second or distant carboxylic acid group. Accordingly investiga
tions were carried out on the parent dicarboxylic acids, namely glutaric 
and pimelic acids, in order to ascertain if the acridine sensitized 
photo-decarboxylation of such acids would lead to the production of 
greater than one mole of carbon dioxide, which would indicate that cadoon 
dioxide can arise frcm both the carboxylic acid functions. As can be seen 
frcm Table 2.27, acridine was found to sensitize the production of 
greater than one mole of carbon dioxide frcm irradiation of acetonitrile 
solutions of glutaric and pimelic acids, under oxygen and argon. No 
decarboxylation occurred in the absence of acridine.

The above results (Table 2.27) shew that the acridine sensitized 
decarboxylation of dicarboxylic acids leads to the production of carbon 
dioxide frcm both carboxylic acid groups.

2.5(v) DISCUSSION

The mechanism whereby acridine can sensitize greater than two moles 
of carbon dioxide production is particularly intriguing. It has
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TABLE 2.27

Yields of carbon dioxide fran irradiation of glutaric and 
pimelic acids (10" respectively) in acetonitrile solution 

containing acridine (10“ ̂M) , (A) under argon and (B) under oxygen

Dicarboxylic acid 
(10’ M̂)

Yield (%) of carbon dioxide
(A) Argon (B) Oxygen
9h 20h 9h 20h

Glutaric acid 
Pimelic acid

92.6
84.1

125.9
117.4

110.5
111.7

159.9
164.5

previously been reported^that carboxylic acids are decarboxylated when 
irradiated in the presence of acridine, with the formation of addition 
products, (Equation 2.28) .

RCOOH
hv

N
H

CO. ( 2 28)

(where R = Me, t-Bu, PhCHj)

Intramolecular decarboxylation was also found to occur, (Equation 
2.29).

(CH2)5C0jH

hv CO. (2 291

H
The mechanism was interpreted in terms of an acid-base ecjuilibrium.

Acridine is kncwn to be weakly basic in its ground state, but shews a
75marked enhancement of basicity in its first excited singlet state.

74Thus it was suggested that acridine upon irradiation, probably via its 
singlet state, captured the hydro:^l proton frcm the carbojq̂ lic acid and
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formed an excited catplex of acridiniiin and carboxylate ions, the 
subsequent decarboxylation of v^ch produced an ion-pair v^ose ccmbination 
gave the addition product, (Schane 2.18).

N
RCOOH

hv
N
I
H" :0  -  C -RII0

N
I
H R “ J

GO.

Scheme 2 18

74The authors considered an alternative mechanism involving radicals,
thereby proton transfer was followed by electron ejection from the
carboxylate ion to the acridinium ion; the alkoxy radicals so generated
would lose carbon dioxide and ccmbination of the radicals, produced
within a solvent cage, would give the addition product. The finding that
the decarboxylation of 2,2-diphenylprcpionic acid did not lead to products
of phenyl migration (Scheme 2.19) viiich would be expected to occur if a

742,2-diphenyImethy 1 radical was involved, led the authors to favour an 
ionic mechanism. However, the lack of product arising from phenyl 
migration may be due to an extranely efficient radical recombination 
process.

76It has previously been suggested that the decarboxylation of
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Il A^J * Ph,CHCH,COOH 
N

hv

H-.-o-C- CH^CHPhg

I 
H

electron transfer

♦ PhgCHCĤ  4 CO,

CHgCHPhg PhCHCĤ Ph

Scheme 2* 19

carboxylic acids such as N-phenylglycine with acridine as sensitizer, 
occur via an electron transfer process frcm the acid to the excited 
sensitizer, the resulting exciplex can then react, with the production 
of carbon dioxide, and radical formation, (Scheme 2.20) .

These authorsshew that the acridine sensitized decarboxylation of 
mono-carboxylic acids does not produce more than one mole of carbon 
dioxide, as would be expected.
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♦ Ph-N H C H jC O O H
N

♦ Ph-NHCHjCOOH

Scheme 2 20

PhNCHj* [^1 1  I I ' l l  4. CO,

I
H

As strong fluorescence was observed fran acridine in the presence 
of pyruvic acid, (Fig. 2.11), it is probable that the decarboxylation 
reaction occurs via the a-keto-carboxylic acids protonating the highly 
basic and fluorescent V tt* state of acridine. Pyridine diininished the 
intensity of the fluorescent species and also led to lover carbon dioxide 
yields, (Fig. 2.12 and Table 2.24) , as a result of reducing the amount 
of the protonated acridine, in a competitive reaction with pyruvic acid.

Frcm the carbon dioxide yields of the parent dicarboxylic acids 
(pimelic and glutaric) it can be seen that greater than one mole of 
carbon dioxide is produced, both under oxygen and argon, which implies 
that decarboxylation occurs frcm both carboxylic acid groups, (Table 
2.27). It is possible for this to occur by initial hydrogen abstraction 
fran one of the carboxyl groups follcwed by either ionic or radical 
(involving electron transfer) reaction leading to decarboxylation. 
Reccmbination of the species produced would give the acridine addition 
product vbich could then undergo an intramolecular decarboxylation, frcm 
the second carbcoq̂ l group, and hence give rise to the production of the 
second mole of carbon dioxide, (Scheme 2.21).

In the case of the u-keto-carboxylic acids it is possible that an
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•V' ^
N

♦ HOOCCCH^IpCOOH
hv

%

N
H - ’O-C-CCH^lnCOOH 

0 
ionic or I radical process 

(CH^JnCOOH

CO2 ♦ other products I J  ♦CO,

(where n= 3 or5) 

Scheme 2 21

electron transfer process to the acridinium ion causing decarboxylation 
and radical formation could occur. The acyl radicals produced fran 
initial decarboxylation of the a-keto-carboxylic acid could be intercepted 
by ccQ^en to form per-acids which subsequently undergo decarboxylation 
to give the second mole of carbon dioxide. Radical reccmbination would 
lead to an acridine addition product, which could give rise to the third 
mole of carbon dioxide via intramolecular decarbcoq^lation, (Scheme 2.22) . 
Alternatively, a mechanism involving an ionic process may be in operation. 
Unfortunately, time did not allcw a closer evaluation of the mechanism. 
Utilising 5-[ -a-keto-glutaric acid would verify the production of 
carbon dioxide frcm the "distant" carboxyl gror^, and a thorough product 
study may elucidate the reaction mechanism \«bich is involved

Summary
Decarboxylation of a-keto-carboxylic acids in oxygenated solution can 

be sensitized by electron acceptors, in accord with the postulated 
mechanism for photo-oxidative decarboq^lation. The reaction can also be
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O r  o
RCOCOOH

N

hv

N

H-""0 —C-COR
II0

Eg. radical process

COj* C-R♦

R-C-OOH

♦ *0“ C" C-RII II 0 0

Rr-CCH l̂^COOH or -(CĤ Ĵ COOH
► COg ♦ other products 

intramolecular decarboxylation 

Scheme 2* 22

sensitized by ccjtpounds capable of undergoing hydrogen abstraction 
reactions. In the case of acridine the decarboxylation involves the 
T̂TTT* state of the sensitizer, and when the structure of the a-keto- 
carboxylic acid is appropriate, greater than two moles of carbon dioxide 
can be produced.
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2.6 DYE-SENSITIZED PHOTO-OXYGENATION OF a-KETO-GARBOXÏLIC ACIDS

2.6.1 THE ROLE OF SINGLED OXYGEN

Previous reports^^ * 46,47 suggested that singlet oxygen is
involved in the dye-sensitized photo-oxygenation of a-keto-carboxylic 
acids. However these findings have been subject to speculation,^^ and 
the following experiments were performed to assess the role that singlet 
oxygen may have in these reactions.

2.6.1 (i) DECARBOXYLATION STUDIES

a-Keto-carboxylic acids were found to undergo decarboxylation when
irradiated in the presence of a variety of sensitizing dyes, (Table 2.28) .
It has previously been reported'̂  ̂' that in many cases greater than one
mole of carbon dioxide is produced per mole of a-keto-carboiylic acid,
and the results shewn in Table 2.28 canfim this. Ihe second mole of
carbcn dioxide has been suggested to arise from the breakdown of per-acid
intermediates in these r e a c t i o n s . T h e  yields of carbon dioxide from
acetonitrile/pyridine solution compared to E.D.T.A. distilled acetonitrile
/pyridine solution are similar (Table 2.28) and therefore the enhanced
yields of carbon dioxide would not appear to be arising from metal ion

44impurities as previously claimed. Further experiments were performed 
to evaluate if singlet oxygen is involved in these reactions.

2.6.1(ii) SOLVENT ISOTOPE EFFECTS

Ihe lifetime of singlet oxygen is appreciably longer in deuterium 
77oxide than in water, therefore if the photo-oxygenation reaction is 

carried out in each solvent, the participation of singlet oxygen should 
be evidenced by a solvent isotope effect.
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The rate of photo-oxygenation of a number of a-keto-carboxylic acids 
were monitored by following their rate of consurrption ly polarography 
in both deuterium oxd.de and water, and the results are shewn in Table 
2.29. It is readily seen that the reactions display a renarkably small 
solvent isotope effect, and for oxcidation of a-keto-glutaric acid by 
Rose Bengal the magnitude of the effect is not markedly dependent upon 
the concentration of the a-keto-carboxylic acid.

7Q2.6.1 (iii) LASER FLASH PHOTOLYSIS STUDY

The rates of reaction of a-keto-carboxylic acids with singlet oxygen
were measured using the method developed by Wilkinson^^ and Kearnsin
vhich the a-keto-carboxylic acids carpete for singlet oxygen with 1,3-
diphenylisobenzofuran. Ihe results are shown in Table 2.30. Laser flash
photolysis of aerated methanolic solutions of Methylene Blue containing
the a-keto-carboxylic acids show the presence of a transient produced by
reaction of the triplet dye with the acid. Ihe transient appears to be

82the same as that observed by Kayser and Young, i.e. a radical derived 
frcm a Methylene Blue molecule. Analysis of the kinetics gave the rate 
constants for reaction of the dye with the a-keto-carboxylic acids and 
these are shewn in Table 2.30. The rate constants given in Table 2.30 
demonstrate that the acids react with triplet dye far more efficiently 
than with singlet oxygen.

2.6.1(iv) DISCUSSION

Previous evidence for the participation of singlet oxygen in the dye- 
sensitized photo-oxygenation of a-keto-carboxylic acids is:- (a) the 
reactions are slowed down by the addition of g-carotene^^ (a kncwn 
quencher of singlet oxygen, but also a quencher of the excited singlet
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TABLE 2.3079

Rate constants for reaction of a-keto-carboxylic acids with singlet 
oxygen and Methylene Blue in aerated methanolic. solutions

a-Keto-carboxylic acid Singlet oxygen 
kq/Z mol'^ s"̂

Methylene Blue
k q / t mol‘  ̂s'̂

Phenylpyruvic acid 
a-Keto-glutaric acid 
3,3-Dimethyl-2-keto-butyric acid

<7 xlO®
3-4 X 10® 
ca. 1 X10®

3 xio®
6.5 xio®
4.5 xiO®

(a)

(b)
The solutions were flash photolysed (X=694 nm) using 15 ns, 
1 J single pulses fran a Q-switched ruby laser
The foimation of transient species absorbing at the 
monitoring wavelength of 410 nm made it difficult to measure 
the bleaching of the 1,3-diphenylisobenzofuran. Thus the 
acid concentration was kept as lew as possible but this 
introduces large errors and, therefore, only an upper limit 
for this rate constant can be given.

and triplet state of dyes^^) , and (b) the observation of an apparent 
solvent isotope effect.Decarboxylation has been shewn to occur in 
the dye-sensitized photo-reactions of a-keto-carboxylic acids in the 
absence of oxygen,"^̂ ’"̂® and therefore the possibility excists that in the 
photo-oxygenation reactions, decarboxylation can arise by more than one 
mechanism. Usi^ solvent isotope effects and also studying the ability of 
the a-keto-carboxylic acids to quench singlet oxygen (by laser flash 
photolysis investigations), enabled the rôle of singlet oxygen in the 
photo-oxygenation reactions to be ascertained.

Fran the laser flash photolysis study (Table 2.30) it is clear that the 
a-keto-carbcxylic acids react far more efficiently with triplet dye than 
with singlet oxygen. The availability of the rate constants shewn in 
Table 2.30 enable meaningful solvent isotope studies to be carried out and
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J 83 analysed.
If singlet oxygen is solely responsible for oxidation the kinetics of

83the reaction will be described by equation 2.30.

-d [Acid] /dt = I $T kq [Acid] /(k^ +kq [Acid] ) ---(2.30)

vÆiere: I = Light intensity,
$T = Triplet yield of dye,
kd = Unimolecular decay constant for singlet oxygen.

Since the kq values for the a-keto-carbcxylic acids are so lew, the
use of a lew concentration of the acid, e.g. 1 xio"** M, will mean that the
rate of reaction is largely controlled by kd. Thus the rate of reaction
should be considerably higher in deuterium oxd.de (kd = 5 x lO** s"M^^ than
for water (kd = 5 x lO® s“M [More recently a kd = 3 x lO** s"̂  has been

86reported for deuterium oxd.de. ]
Fran the observed solvent isotope effects shown in Table 2.29, it can

be concluded that either singlet oxygen is not involved in the reaction
or else the oxcidation is occurring predoninantly by the dye - a-keto-
carboxylic acid interaction and this is swairping the contribution made

83by the singlet oxygen reaction. Fran equation 2.31 and the results 
shown in Table 2.30 it is possible to calculate that the isotope effects 
for phenylpyruvic acid, a-keto-glutaric acid and 3,3-dimethyl-2-keto- 
butyric acid should be 1.4, 2.0 and 1.4 respectively, provided that Nt 
and No are either unity or of a similar magnitude.

-d [Acid] _ Nt I $T kr [Acid]____  ,
dt (kdi + ko2 [̂ Oz] +kr [Acid] )

_____ No I $T kp2 [̂ Oz] kg [Acid]________
(kdi + ko2 [ ̂Oz] + kr [Acid] ) (kd + kq [Acid] )

where: I = Light intensity.

  (2.31)
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ÎT = Quantum yields of triplets for sensitizer,
kd = Unimolecular decay constant for singlet oxygen,
kdi = Unimolecular decay constant for the triplet dye,
ko 2 = Bimolecular rate constant for quenching of dye

triplets by oxygen,
[̂ Oz] = Concentration of oxygen in solution,
Nt = Fraction of triplet dye - acid collisions which

result in chanical reactions.
No = Fraction of singlet oxygen - acid collisions 

which result in chemical reaction.

The fact that the measured isotope effects are smaller than the 
calculated values may indicate that No <Nt- The fact that the observed 
values for a particular a-keto-carboxylic acid apparently vary with the 
sensitizer used is probably a reflection of the fact that the isotope 
effect falls within the limits of experimental reproducibility. The 
previously reported, small solvent isotope effects vary considerably in 
the range 1-2 and therefore the results cannot be taken as evidence for 
the participation of singlet oxygen.

Sunmarv
The results reported here shew that singlet oxygen plays little, if

any, rôle in the Rose Bengal and Methylene Blue sensitized photo-
oxygenation of a-keto-carbcxylic acids. The dye - acid interaction is
obviously an important reaction, but the fact that seme of the reaction

47may occur via an intermediate such as the superoxide anion cannot be
ruled out. The finding that singlet oxygen is not involved in the dye-

71sensitized photo-cxygenation of a-keto-carbcxylic acids has subsequently
48been confirmed in a later publication.
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2.6.2 EFFECT OF OXYGEN OONŒNTRATim UPON THE DYE-SENSITIZED
PHOTO-OXIDATIVE DECAPBOXYIATION OF Q!-KETO-CARBOXYLIC ACIDS

2.6.2 (i) DECARBOXYLATION STUDIES

Earlier reports"̂  ̂’ suggested that decarboxylation occurs v^en the 
reactions are carried out under nitrogen, i.e. in the absence of oxygen, 
and these findings prarpted an investigation of the effect of oxygen 
concentration upon the dye-sensitized decarboxylation of a-keto-carboxylic 
acids.

Reactions were therefore performed by continually flushing the a-keto- 
carboxylic acid/dye solutions with the following gases, throughout the 
duration of the irradiation, at a flew rate of approximately 10 mf/tnin:- 
argon (zero oxygen concentration) , pure oxygen, air, nitrogen (OFN) and 
nitrogen (catmercial grade), [the latter two gases having oxygen concen
trations of approximately 0.001 and a maximum of 0.5% respectively] . The 
dye used in each experiment was Rose Bengal obtained from B.D.H. Chenical 
Co. Ltd. Tables 2.31 and 2.32 shew the yields of carbon dioxide obtained 
from a-keto-glutaric and pyruvic acids respectively, in both acetonitrile 
/pyridine and methanol/pyridine solutions. The rate of oxygen flushing 
on the yield of carbon dioxide was studied in acetonitrile/pyridine 
solutions of a-keto-glutaric acid (Table 2.31) and as can be seen a 
faster flew rate of gas leads to a dramatic increase in decarboxylation. 
The yields of carbon dioxide production frcm the a-keto-carboxylic acids 
under different oxygen concentrations were found to be in the order of 
air > oxygen > argon > nitrogen in each case.

The yield of carbon dioxide frcm methanol/pyridine solutions of a- 
keto-glutaric acid, sensitized by Rose Bengal frcm Eastman-Kodak Ltd., 
was studied under different oxygen concentrations and the results shewn 
in Table 2.33. Frcm these results (Table 2.33) it is apparent that the
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TABLE 2.33

Yields of carbon dioxide fran irradiation of a-keto-glutaric 
acid (2 xio'^M) sensitized by Rose Bengal(Eastman-Kodak) under 

different oxygen concentrations in methanol/pyridine solution

Conditions Yields (%) of carbon dioxide
Methanol/pyridine)

6h 20h
Argon 11.9 33.0
Oxygen 11.7 45.8
Air 19.2 75.5
Nitrogen (GIN) 10.0 26.2
Nitrogen (Catmercial) 8.4 24.3

Concentration - 0.02 g/25m& 
Methanol/pyridine 4:1 Vv

source of Rose Bengal is an important factor in determining the overall 
production of carbon dioxide, as Rose Bengal fran Eastman-Kodak Ltd.
(Table 2.33) gave differing values fran those obtained v^en using Rose 
Bengal supplied fran B.D.H. Chemical Co. Ltd. (Table 2.31) , under similar 
irradiation conditions.

In each of the cfye-sensitized decarboxylation reactions carried out 
in this section, the a-keto-carboxylic acid - dye solutions were irradiated 
through a potassium chranate filter (2% aqueous solution) , to ensure that 
only the dye absorbed the incident light. Fran the results obtained it 
is clear that the yield of carbon dioxide is highly dependent upon (i) 
the oxygen concentration, (ii) the source of the sensitizer and (iii) the 
flow rate at which the gas is flushed through the reaction mixtures.

2.6.2(ii) DISCUSSION

That a-keto-carboxylic acids decarboxylate v±ien irradiated in the
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absence of oxygen^^’̂ ® was confinned, although the yields of carbon
dioxide reported here (Tables 2.31, 2.32 and 2.33) are substantially

42lower than those previously reported under anaerobic conditions.
42However it later became apparent that the high carbon dioxide yields

87probably arose due to leakage of air into the systems studied, and as
this was not the case in the results reported herein, accounts for the
difference in the two sets of data. Therefore, although not as high as

42previously anticipated, the yields of carbon dioxide obtained here are 
a more accurate representation of the anaerobic decarboxylation of a-keto- 
carboxylic acids, and confirm that carbon dioxide is produced even in the 
absence of oxygen, substantiating the claim that a dye - acid inter-
action'̂ '̂ is responsible for at least part of the decarboxylation 
reaction.

The observation of an oxQ^en concentration dependency upon the
decarboxylation reaction can be rationalised by reference to Scheme 2.23,
v±iich shows the possible reaction pathways for the dye-sensitized
decarposition of a-keto-carboxylic acids.

The formation of triplet excited dye (path 1) is a pre-requisite for
all subsequent reactions.

The triplet dye could undergo an energy transfer process with ground
state oxygen to produce singlet oxygen (path 2) , which could further react
with the a-keto-carboxq̂ lic acid to give products via path 3. However,
singlet oxygen has previously been shewn not to be involved to a
significant extent, if at all, in the dye-sensitized photo-cxygenation
reaction of a-keto-carboxylic a c i d s , a n d  therefore paths 2 and 3 can
be excluded from further discussion.

It is known that a-keto-carboxylic acids react with the triplet state 
71of dyes, and hence this could result in a radical process occurring via
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*0, -  RCOCOOH
Dye * or R- C- COGH — ► 0  ̂ ---------------02  * o4"her products ( 6 1

CL 
Scheme 2 23

path 4a or 4b, with the production of carbon dioxide (path 4b) .
The acyl radicals produced via path 4b could be effectively scavenged

41 46by oxygen to yield per-acids ’ vhich undergo decarboxylation giving
73rise to greater than one mole of carbon dioxide, (path 5) .

There is also the possibility that the superoxide anion could be formed
47and take part in the reacrtions as shewn in path 6.

Under argon, decarboxylation can only cx:cur. by a radical pathway (path 
4b) , as the concentration of oxygen in this systen is zero.

Small concentrations of oxygen are present vhen the reactions are 
carried out under nitrogen, and decarboxylation could arise via path 4b, 
the acyl radicals so produced being scavenged by oxygen, (path 5) .
However, due to the lew oxygen concentration radical scavenging will not 
be very efficient and thus the contribution by paths 5 and/or 6 minor.
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Also the small amounts of oxygen in the nitrogen, although low, could 
quench the triplet state of the dye and effect the efficiency of the 
reaction by path 4, i.e. becaning less efficient than under argon and 
hence having Icwer carbon dioxide yields (Tables 2.31, 2.32 and 2.33) for 
this reason.

When the reaction is performed under air paths 4, 5 and 6 could all 
lead to decarboxylation. The higher concentration of oxygen in air, as 
caipared to nitrogen, will lead to efficient scavenging of acyl radicals 
vhich are formed in path 4b, and give rise to more than one mole of 
carbon dioxide through the intermediate per-acids produced in path 5. 
Supercxide formation will also be more efficient at this higher ojygen 
concentration (path 6), and may lead to decarboxylation. Obviously more 
triplet dye will be quenched at the higher coygen concentration but this 
is counteracted by efficient radical scavenging by paths 5 and 6.

Quenching of triplet dye becanes marked when the reactions are carried 
out in pure oxygen, i.e. 100% concentration, and reduces the efficiency 
of reaction via path 4 and hence decreased yields of carbon dioxide are 
obtained under oxygen as ccnpared to air, as less radicals are produced 
that can be effectively scavenged by oxygen.

Oxygen concentration studies have previously been carried out on 
photo-oxygenation reactions. In the dye-sensitized oxidation of
amines it has been shown that a reaction involving only singlet oxygen 
is insensitive to change in oxygen concentration, unless extremely low 
concentrations of oxygen are employed. However a rate enhancement or 
retardation by decrease in oxygen concentration, e.g. reaction under pure 
oxygen as caipared to air, may indicate a radical pathway. Fran this 
study it was observed that both singlet oxygen and radical pathways are 
operative in the dye-sensitized oxidation of amines. It was also noted
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that for high conversion of starting material to products, an acceleration 
should be observed under lower oxygen concentrations, i.e. oxygen caipared 
to air, if reaction is via a radical pathway, and this was found to be the 
case in the results reported here.

The rate of the dye-sensitized photo-oxygenation of tetramethylethylene
89has been shown to be similar under oxygen and air, as would be expected

for a reaction involving only singlet oxygen. Hcwever an oxygen
dependency was found to exist for the dye-sensitized photo-oxygenation
of trans -stilbene. and was explained on the basis of the involvement of
an electron transfer process, rather than the participation of singlet 

89oxygen, in the reaction.
The finding of an oxygen dependency upon the dye-sensitized photo

oxygenation of a-keto-carboxylic acids (Tables 2.31, 2.32 and 2.33), 
provides further evidence to support the previously reported c±>serva- 
tions^®’̂  ̂that the reaction does not involve singlet oxygen and that a 
dye-acid interaction with radical intermediates is operative, as shown 
in Scheme 2.23.

Differences in the photo-physical properties of Rose Bengal obtained 
fran various sources has been observed,and would account for the 
yields of carbon dioxide obtained fran B.D.H. Chonical Co. Ltd. (Table 
2.31) and Eastman-Kodak Ltd. (Table 2.33) Rose Bengals respectively, in 
the dye-sensitized photo-osQ̂ genatian of a-keto-glutaric acid. The above 
observation, together with the finding that the yield of carbon dioxide 
is dependent upon the rate of flushing of oxygen through the solutions 
(Table 2.31), shews that careful evaluation is required when coiparing the 
results obtained fran different laboratories, as a variation in results 
may arise by overlooking these points.
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Summary
The yields of carbon dioxide fran the dye- sensitized photo-cxygenation 

of a-keto-carboxylic acids are dependent upon (i) the oxygen concentra
tion, (ii) the source of the sensitizing dye, and (iii) the flow rate of 
oxygen. The results support a mechanism involving dye - acid interaction 
leading to radical formation rather than a singlet oxygen mediated 
reaction.
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CHAPTER 3
PHOTOCHByilCAL REACTIONS OF a-KETO-CARBOXYLIC

ESTERS
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PHOrOCHEMICAL REACTIONS OF g-KETO-CARBOXYLIC ESTERS 
INTRODUCTION

Preface
The following sections contain a review of the literature pertaining 

to the photochemical reactions of a-keto-carboxylic esters, both under 
direct and dye-sensitized conditions. The mechanisms suggested to be 
involved in these reactions are discussed.

3.1 DIRECT IRRADIATION OF a-KETO-CARBOXYLIC ESTERS
3.1 (i) PYRUVATES AND PHENYLGLYOXYLATES

Leermakers and co-workers^ studied the vapour phase decarposition of 
ethyl and isopropyl pyruvates. In both cases complex mixtures of products 
were obtained. The principal products frcm the photolysis of ethyl 
pyruvate were acetaldehyde and carbon monoxide respectively (Equation 
3.1), whereas irradiation of iscpropyl pyruvate produces mainly acetone 
and carbon monoxide, (Equation 3.2) .

CH3COCOOC2H5 CH3CHO + CO ♦ other products ( 31)

CH3CQCG0CH(CH3)3 ^3̂  CH3COCH3 ♦ CO + other products (3 2)

The yield of acetaldehyde frcm the photolysis of ethyl pyruvate was 
found to decrease after long irradiation times,^ presumably due to 
secondary reactions. Also, modest pressures of oj^en did not 
significantly affect the efficiency, or the course, of the photodeccmposi- 
tion of isopropyl pyruvate.^

The mechanism of the vapour phase photodeccmposition of ethyl and iso
propyl pyruvates is thought to initially involve radical formation frcm
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the carbon-carbon bond cleavage,^ as shewn in Equation 3.3.

CH3COCOOR -  CH3CO ♦ CO + OR (33)

(where R= ethyl or isopropyl)

The mechanism of the ̂ otochemical reactions of a-keto-carboxylic
esters in oxygen-free solution is not well understood and subject to much 

2 3conjecture. ’ These reactions are highly dependent upon irradiation 
œnditions, such as the nature of the solvent orployed, and are described 
belcw.

4Hamnond and co-workers reported that irradiation of ethyl pyruvate in 
benzene solution yields acetaldehyde, carbon monoxide and small amounts 
of carbon dioxide as the only isolable producrts, (Equation 3.4) .

CH.COCOOQt,^  

9 0 %  10%

The triplet state of ethyl pyruvate was deemed responsible for the 
photodegradation due to the finding (i) of a weak blue phosphorescence 
(in ether-pentane-alcohol glass at 77°K) and (ii) that benzophenone 
sensitized the photodeccmposition, as evidenced by an increase in the 
quantum yield for ethyl pyruvate disappearance, frcm 0.17 to 0.32 in the 
presence of the ketone.

Leermakers and co-workers^ studied the photodeccsrposition of a series 
of a-keto-carboxylic esters, in benzene solution, in an attempt to 
elucidate the mechanism of the primary photochonical process leading to 
fragmentation, and their findings are summarised in Table 3.1.

These authors^ argued that if hydrogen abstraction was the primary 
photochemical step, then deuterium incorporation at the appropriate
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TABLE 3.1'

a-Keto-carboxylic ester Products (%) ^Ester j^otodeccnposition

CH3COCOOCH3 CH3CHO (20) 
CH2O ( 8 ) 
CO (65)

0.15 ±0.02

CH3COCOOC2H5 CH3CHO (60) 
CO (80) 0.17

CH3C0C00CH(CH3)2 CH3CHO (15) 
CH3COCH3 (83) 
CO (50)

0.18 ± 0.01

CH3C0C00CD(CH3)2 Not reported 0.19 ± 0.02

C6H5COCOOC2H5 CeHsCHO (30) 
CH3CHO (25) 
CO (30)

0.056± 0.005

COCOOC2H5

Not reported <0.01

position of the isopropyl pyruvate should result in a decrease in the 
quantum yield for ester disappearance. However, the quantum yield for 
the disappearance of isopropyl pyruvate* was found to be insensitive to 
deuterium substitution ($h = 0.18 ±0.01; $d = 0.19 ±0.02; Table 3.1), 
and a mechanism involving photodecarbonylation in the primary process, 
leaving caged acyl and alkoxy radicals which can disproportionate to give 
the observed photoproducts, was suggested, (Scheme 3.1).

4in accord with the previous findings by Hammond and co-workers, the 
reactive state was ascribed as being the triplet, based on the observa
tions of phosphorescence frcm ethyl pyruvate (in ether-pentane-alcohol 
glass at 77°K) and isopropyl pyruvate (in ethanol glass at 77°K) 
corresponding to triplet energies of 65.0 Kcal and 64.5 Kcal respectively.'
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0 0 R . 
R - C - C - O - C - R "  — ^

0 0 î'
R - C - C - O - C - R '  

I 
Hi

R
0 9 9

R-CH ♦ CO ♦ R ' - C - R "  —  R-C * CO ♦ 0 - Ç - R "

H 

(where R = alkyl or aryl; R'and R"= alkyl and/or hydrogen) 

Scheme 3*1

Leermakers and co-workers suggested that the low quantum yield for 
disappearance of ethyl -a-naphthyIglyoDQ̂ late may be due to the facrt that 
its triplet state is so lew lying that the ester does not possess enough 
energy to undergo carbon-carbon bond cleavage, although this finding 
can be equally well explained® on the basis of the lew reactivity of

7naphthyl ketones in hydrogen abstraction reactions. It was also noted
3by Neckers that as all of the pyruvate esters deccmpose with the same 

efficiency, (Table 3.1) , this may indicate that the hydrogen abstraction 
reaction is very exothermic and so rapid that no isotope effect would be 
expected, even if a hydrogen abstraction step did occur.

Further evidence to support a radical cleavage mechanism, similar to 
that proposed by Leermakers and co-workers,® (Scheme 3.1) , canes from the

gresults obtained by Taninaga and co-workers when stucfying the photo- 
decomposition of ethyl phenylglyoxylate in benzene and cyclohexane 
solutions. In addition to the finding of carbon monoxide, benzaldehyde 
and acetaldehyde in the carplex mixture of products, the observation of

gethyl benzoate was highlighted. Thus it would appear that carbon-carbon
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bond cleavage can occur leading to direct decarbonylation and the acyl 
and alkoxy radicals thus produced can undergo subsequent reccmbination 
to yield ethyl benzoate, or disproportionate to yield benzaldehyde and 
acetaldehyde, as outlined in Scheme 3.2.

C,H,COOC^,

Radical recombination

C^H^COCOOC^H^
CeHg or CgH,,

^CgHjCO ♦ • OCjHg 1 + CO + other products

Radical disproportionation

CgHgCHO + CH3CHO

Scheme 3 2

Jolly and De I4ayo have shown that ethyl pyruvate upon irradiation in 
cyclohexene solution undergoes a solvent addition reaction. A mechanism 
involving initial hydrogen abstraction frcm cyclohexene by the triplet 
ester, follcwed by a radical coupling process, would account for the 
formation of the hydroxy-ester so observed, (Equation 3.5) .

CHgCOCOOCjHg + hr
CH.

^ C - O H (3-5)

COOCjHg

Further studies^®have been carried out to investigate the photo
reduction reactions of a-keto-carboxylic esters in appropriate hydrogen 
donating solvents.
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Huyser and Neckers^ ̂ studied the reactions of a series of alkyl esters 
of phenylglyoxylic acid in various alcohol solutions, and a marked 
temperature dependency upon the course of the reactions was found to 
exist. At Icwer temperatures reductive dimérisation appears to be an 
important process, exemplified by the reaction of ethyl phenylglyoxylate 
in 2-butanol. The major products are diethyl-a,a'-diphenyltartrate and 
2-butanone, vhich indicate that the primary process is an intermolecular 
hydrogen abstraction, with subsequent radical dimérisation yielding 
diethyl-a,a'-diphenyltartrate, (Scheme 3.3) .

OH

hv,30°CC^sCOCOOCjH,
CeH;-C-COOC;Hg

2* Butanol I
C.H-C-COOC.H

CHjCOC^s
6" "5 1

OH

2* '5

Intermolecular
hydrogen

abstraction

Dimérisation

% - ç - c o o c ^ ,

OH

Scheme 3 3

At higher temperatures the reaction takes a completely different 
route, with 2-butyl mandelate and acetaldehyde being the major products 
frcm irradiation of ethyl phenylglyojq l̂ate in 2-butanol, which suggests 
that an intramolecular hydrogen abstraction process is operative, 
(Equation 3.6).

Similarly, ethyl mandelate and cyclohexanone are the major products
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OH 0 ÇH,
CgHgCOCOOC^Hy ^ C ^ , - C  - C - O - C H  ♦ CH3 CHO ( 3  61

2- Butanol
H CH. I ' 

CH,
frcm irradiation of cyclohexyl phenylglyoxylate in ethanol solution at 
40°C, (Equation 3.7) ,

OH 0

C.H.COCOO -(3 c A - ç - ï - 0 - y . . . o
H 13 7)

Huyser and Neckers found the reaction at elevated temperature to 
be general for a series of alkyl esters of phenylglyoxylic acid, in each 
case the phenylglyoxylate being reduced to the mandelate ester of the 
solvent alcohol, and the alashol moiety of the phenylglyoxylate being 
oxidised. These results^^ are surrmarised in Table 3.2.

TABLE 3.210

Photochemical reactions of alkyl phenylglyoxylates in 
alcoholic solution at 78®C

Alkyl phenylglyoxylate Solvent alcohol Products

Ethyl Cyclohexanol Cyclohexyl mandelate, 
acetaldehyde

Ethyl ^-Menthol -t-Menthyl mandelate, 
acetaldehyde

2-Propyl Ethanol Ethyl mandelate, 
acetone

2-Hexyl Ethanol Ethyl mandelate, 
2-hexanone

2-Octyl Ethanol Ethyl mandelate, 
2-octanone

2-Octyl 2-Butanol 2-Butyl mandelate, 
2-octanone
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The mechanism Huyser and Neckers^^ proposed in order to account for 
the formation of the mandelate esters involves initial hydrogen abstraction 
to yield a diradical that undergoes 3-cleavage giving a hydroxy ketene 
vhich then reacts with the solvent alcohol to produce the appropriate 
mandelate ester, as outlined in Schone 3.4.

0 0 ? 9" 0 ?
C g H g - C - C - O - C - R '  ,  ̂ ' C g H g - Ç - C - à - Ç - R '

intramolecular 
H hydrogen 

abstraction
i3-cleavage

l " 9  R " - O H  r  M
C g H g - C - C - O - R "  ^ ----------  C g H s -C  = C = 0  + R - C - R '

H 

(where, for example, R and R'= alkyl and/or hydrogen; 
R"= ethyl or 2 - butyl) 

Scheme 3*4

To account for the tarperature effect upon the course of the reaction, 
the authors suggest that at Icwer toiperatures the rate of intramole
cular hydrogen abstraction is slcwer than that of intermolecular hydrogen 
abstraction, and dimeric products result. However, at higher torperatures 
a marked increase in the rate of the slower reaction, namely intramole
cular hydrogen abstraction, ensues favouring the formation of the 
mandelate ester.

Monroe^ subsequently questioned the existence of the hydroxy ketene as 
an intermediate in these reactions on the basis that phenylglyoxal, the 
keto form of the hydroxy ketene, was not an observed reaction product as
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m y  be expected. However, it is possible that the rate of reaction of the 
hydroxy ketene with the solvent alcohol, yielding the mandelate ester, is 
much faster than the rate of tautomérisation vhich would yield the 
phenylglyoxal, and this m y  explain the absence of the latter in the 
product mixture.

In an attempt to trap the hydroiQr ketene formed in the intramolecular 
hydrogen abstraction process, as proposed by Huyser and Neckers,Yang 
and Morduchowitz^^ studied the reaction of ethyl pyruvate in isopropanol. 
No trapping product (i.e. isopropyl lactate) was isolated, indicating 
that intramolecular hydrogen abstraction may not be occurring in iso
propanol, and the observed products, dimethyltartrate and smll amounts 
of ethyl lactate, result presumably from intermolecular hydrogen abstrac
tion from the solvent alcohol, with subsequent radical dimérisation, 
(Schone 3.5).

It should be noted, however, that the taiperature used in the above 
reaction by Yang and Morduchowitz^^ was low (15®C) , and. the dimeric 
product which they observed is in accord with the findings of Huyser and 
Neckers^ ̂ that reductive dimérisation is an important process for photo
decomposition of a-keto-carboxylic esters at reduced tarperatures.

More recently, evidence for the existence of hydroxy ketene inter
mediates in the photolysis of a-keto-carboxylic esters has been forwarded 

12by DeBergalis, vho isolated esters of lactic acid from pyruvates vhen
irradiated in alcoholic solvents. Thus the photolysis of ethyl pyruvate
in t-butanol led to the formtion of t-butyl lactate. Similarly, when
methanol was used as solvent for the reaction, methyl lactate was

12produced. DeBergalis suggested that these esters, t-butyl and methyl 
lactate, arise from the reaction of the hydroxy ketene, produced by intra
molecular hydrogen abstraction, with the solvent alcohol, as shown in
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intecmolecular
hydrogen

abstraction

O H
1

CHj-C-COOCjHs 

CH3- Ç  -COOC^, 

OH

OH

♦ CHj-C-COOCjHj

H

CHgCOCOOCjHs-
h f, 15»C

isopropanol

intramolecular'
hydrogen

abstraction

Scheme 3 5

OH

C H g - C s C s O  4̂ CH3CHO

>( isopropanol 

OH

CHa-C-COOCHlCH,);
A

CHjCOCOOCjHj hv
OH

Scheme 3-6

OH

C H 3-C H  -C O O C IC H 3 I

t-Butanol

0
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Scheme 3.6.
To account for the fonnation of acetaldehyde and carbon monoxide fran

irradiation of ethyl pyruvate, as observed in previous investigations,^’̂  
12DeBergalis proposes that the methyl hydroxy ketene, produced by intra

molecular hydrogen abstraction, would undergo photolytic decarbonylation 
to yield methyl hydroxy carbene which would subsequently rearrange to 
fom acetaldehyde, (Equation 3.8).

OH OHI h y  I
CH3-C  = C=0 ------ ►CH3 -C :  ♦ CO 13 8 )

CH3 CHO

Yang and Marduchcwitz have previously suggested that ethyl pyruvate 
upon photolysis in benzene solution produces carbon monoxide and a two 
molar equivalent of acetaldehyde, (Equation 3.9).

CH3COCOOC.H3 2CH3CHO ♦ CO (3 91

12Using the proposal put foiivard by DeBergalis (Equation 3.8) it is 
possible to rationalise the formation of two moles of acetaldehyde as 
observed by Yang and Morduchowitz,^^ in the photcDdecxirposition of ethyl 
pyruvate in benzene solution. The first mole of acetaldehyde could arise 
frcm the 8-cleavage of the diradical formed by initial intramolecular 
hydrogen abstraction, and the second mole of acetaldehyde œuld be 
produced by the further photolytic deczarbonylation of the methyl hydroxy 
ketene, by rearrangement of the methyl hydroxy carbene so produced, 
(Scheme 3.7) .

The intermediacy of methyl hydroxy carbene in the gas phase photolysis
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CH,COCOOCH,CH
hV, C ,H ,

2'“" 3
Intramolecular

hydrogen
abstraction

OH
I

C H ,C :*  CO hv

OH 0
CH3 —C ~ C  — OCHCHjj

g-cleavage

OH 
I 

C H ,-C = C = 0  *  CH,CHO

rearrangement

CH3 CHO

Scheme 3 7

13of pyruvic acid has been proposed by Vesley and Leermakers, and its
14existence has been supported by Turro and co-workers who c±)served a 

C2H4O fragment in the mass spectral breakdown of pyruvic acid. Leermakers 
and Vesley^ ̂ also invoked the intermediacy of methyl hydroxy carbene in 
the acjueous photodeccmposition of pyruvic acid, although this claim was 
later shewn to be unfounded by Gloss and Miller,vdio œuld find no 
evidence for its existence v^en studying the same reacrtion utilising the 
technicgue of CIDNP. As yet there is no evidence vAiich disclaims the 
suggested existence of methyl hydroxy carbene in the gas, or non-acjueous, 
phase photodeccmposition of pyruvic acid or alkyl pyruvates.

It is apparent frcm the work cited herein that the mechanism of photo
deccmposition of a-keto-carboxylic esters is not known with any degree of
certainty and is worthy of further investigation.

17Binkley has exploited the fact that irradiation of alkyl pyruvates 
gives high yields of carbonyl ccmpounds by utilising pyruvate photo-
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fragmentation as a synthetic tool in the oxidation of sensitive alcohols 
to the corresponding carbonyl derivative. Thus the pyruvate esters of a 
series of alcohols were prepared and irradiated in benzene solution to 
give excellent yields of the desired carbonyl carpound. The conversion 
of menthol to menthone is an exanple of this synthetic pathway, (Equation 
3.10) .

OH

(i) Estérification 
to pyruvate

(ii) hv/CgHg
(3 10)

88%

Pyruvate photo-fragmentation has also been used in part of a reaction 
sequence in the preparation of ccmpounds containing chiral methyl groups 
adjacent to an asynmetric centre, as shown in the recent synthesis of 
(3R, 4S)- and (3R, 4R)-[4-^H,^H]valine, by Townsend and co-workers,^® 
(Equation 3.11).

(H,GH

CH; H

(i) Estérification
to pyruvate

(ii) hv/ CgHg
CH. H

(3 11)

3.1(ii) OTHER g-KETO-GARBOXYLIC ESTERS

Pappas and co-workers^ 9,20 investigated the photochemical
reacTtions of methyl- and benzyl-o-benzyloxyphenylglyo2Q̂ lates and have 
established that intramolecular cyclisation occurs to afford an iscmeric 
mixture of products in high yield, (Ecjuation 3.12) . The initial process 
In the cyclisation mechanism is that of intramolecular hydrogen abstrac
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tion, however this abstraction occurs at the benzyl ether carbon via a 
seven-manbered cyclic transition state in preference to the alkoxy ester 
carbon via a six-membered ring. This observation may be due to the fact 
that intramolecular hydrogen abstraction fran the six-membered transition 
state is reversible, whereas this may not be the case for abstraction 
fran the seven-membered state which results in trapping the observed 
photoproducts. The results of quenching and sensitization studies, using 
naphthalene and benzophenone respectively, define the reactive inter
mediate as the triplet state.

I I

0-CHC.H

COOCH,R
( 3121

> 9 0 %  

I 2 isomers) 

( where R= -H or -Ĉ Hg)

Apart fran the work by Pappas and co-workers, above, there are no
other literature reports pertaining to the photochemistry of a-keto-
carboxylic esters with available abstractable hydrogen atons on the
ketone side of the molecule, i.e. long chain a-keto-carboxylic esters
such as alkyl-a-keto-octanates for example. However, work of a similar
nature has been carried out on analogous a-keto-carboxylic acids, [see

21Chapter 2.1(iii)], in which Evans and Leennakers found that a-keto- 
decanoic acid, upon irradiation, produced hept-l-ene and pyruvic acid via 
an intramolecular hydrogen abstraction (or Norrish Type II) reaction. It 
remains to be seen whether the esters of long chain a-keto-carboxylic 
acids are capable of undergoing such reactions.
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3.1(iü) EFFECT OF OXYGEN UPON DIRECT IRRADIATICN
22Sawaki and Ogata have recently reported the effect of oxygen upon

the direct irradiation of methyl phenylglyoxylate in benzene solution,
the major product of the reaction being per-benzoic acid. Per-acid
formation is suggested to occur in an analogous manner to that vhich 

22these authors have proposed for the photo-oxygenation of phenylglyoxylic 
acid (see Chapter 2.2) , namely via a mechanism involving photochemical 
a-cleavage, followed by radical scavenging by oxygen to yield per-benzoic 
acid. Interestingly, if methyl phenylglyoxylate is irradiated in the 
presence of a-methyIstyrene, then the per-benzoic acid transfers an atom 
of oxygen to the alkene to yield an epoxide, (Scheme 3.8) .

C^gCOCOOCH,
hv. 0„ 20°c

CgHjCOjH .  other products 

50%
hv, CgHg. 0„  20%  

a-Methylstyrene 

CH,

CgHjCOgH ♦ CgHg—C— CHj * other products

<  5% 21% 

Scheme 3-El

22Apart from the above study by Sawaki and Ogata, showing that methyl 
phenylglyoxylate when irradiated in the presence of an alkene in 
oxygenated benzene solution leads to epoxide formation, no other reports 
have appeared relating to the role that oxygen may play in the direct 
photo-oxidation of other a-keto-carboxylic esters.
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3.2 DYE-SENSITIZED PHOrO-OXyGENAnON OF a-KETO-CARBOXYLIC ESTEPS

Although a-keto-carboxylic acids have been the subject of numerous
dye-sensitized photo-oxygenation investigations, (see Chapter 2.2),
their ester counterparts have received little interrogation. However,
photo-oxygenation studies have been perfomed on the enol tautoners of

23 24phenyl pyruvate ester derivatives. '
23Jefford and co-workers have described the photo-oxygenation of the 

enol fom of the ester methyl-p-methoxypheny 1 pyruvate. A singlet oxygen 
mechanism was suggested to operate in the Methylene Blue sensitized 
reaction in acetonitrile solution, and the intermediacy of an a-keto-3- 
peroxylactone and a dioxetanol were invoked in order to account for the 
formation of the observed photoproducts. [No definitive evidence was put 
forward to confim the participation of singlet oxygen, and none of the 
proposed intermediates could be isolated.] It is possible to envisage 
that the a-hydropero2Q^keto-ester could be produced by either an ene-type, 
or free radical, reaction of singlet oxygen upon methyl-p-methoxyphenyl 
pyruvate. The a-hydroperoxyketo-ester so produced would then have to 
lose methanol in order to undergo rearrangement to the desired a-keto-3- 
peroxylactone intermediate. The latter would undergo rapid cleavage to 
yield the products p-methoxybenzaldehyde, carbon monoxide and carbon 
dioxide. p-Methoxybenzoic acid would then arise fran the further 
oxidation of p-methoxybenzaldehyde. A [2+2] addition reaction of singlet 
oxygen upon methyl-p-methoxypheny 1 pyruvate, would account for the 
dioxetanol formation, and the subsequent cleavage of which yields the 
products p-methoxybenzaldehyde and monanethyl oxalate.

The proposed reaction pathway, shewing the intermediate a-keto-3- 
peroxylactone, previously unknown as a stable entity, is summarised in 
Scheme 3.9.
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Kotsuki and co-workershave carried out a similar study to that 
23outlined above, in an attempt to obtain chanical support for the

25mechanism proposed ty Matsuura, of the enzymatic conversion of p-
25hydroxyphenyl pyruvic acid into hanogentisic acid. Matsuura suggests 

a mechanism involving 1,4-addition of molecular os^en to the enol 
tautcmer of p-hydroi^henyl pyruvate, as described in Scheme 3.10.

OH

qI o coo*
HO

-CO,

HO OH

CHjCOO'
HO CH,COO

Scheme 3 10

24In their study, Kotsuki and co-workers confirmed that p-methoxy-
benzaldehyde and monanethyl oxalate are produced in the Methylene Blue
sensitized photo-oxygenation of methyl-p-methoxyphenyl pyruvate, as

23reported by Jefford and co-workers. In addition it was also dsnonstrated 
that if the enol group was protected, for example by methyl substitution, 
then the pyruvate ester undergoes a 1,4-addition with singlet coQ̂ gen to 
yield a diendoperoxide, (Scdieme 3.11) . Lew temperature photo-oxygenations 
in aprotic solvents were performed in an attenpt to isolate the monoendo- 
peroxide, but these proved unsuccessful.
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CH,0
OCH,ICH = C-COOCH,

Telraphenylporphyrin 
ca^. Oj. hV. 0®C.

COOCH COOCH,

- 0

Scheme 311

When the above reaction, was performed using methanol as solvent, 
diendoperoxides are not observed, the isolated products being an 
equilibriated mixture of hydroxylated derivatives, as shewn in Scheme 
3.12.

24The above work (Scheme 3.11) by Kotsuki and co-workers, shews that 
the enol tautemer of methyl-p-metho:3Qphenyl pyruvate is capable of under
going a 1,4-addition with singlet oxygen, under certain conditions and 
vhen the enol group is protected. The reaction pathway observed in 
methanol, (Schene 3.12) , is quite different frem the enzyme reaction 
insemuch as the chemical reaction results in meta- rather than para- 
hydroxylation, as is observed under enzymic conditions. The authors^^ 
suggest that the result obtained in the aprotic solvent (Scheme 3.11),
showing 1,4-addition and diendoperoxide formation, does offer sane

25chemical support for the mechanism proposed by Matsuura (Scheme 3.10)
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OCH,

C H j O - ^  'V-CHsC-COOCH.

Methylene Blue 
MeOH, Oj,hV, 0®C

CH 3O COOCH,

M  X
0 - 0  OCH.

CH3O
OCH.

CH,OH
^  ^CHCOCOOCH, CH3O

OH

jr

OCHCH,0

COOCH

COOCH,

Scheme 3-121

for the enzymic reaction.
To date there are no reports describing the dye-sensitized photo

oxygenation of the keto-tautcmer of a-keto-carboxylic esters, as
investigations have been confined solely to the enol tautcmers, as
J , 23,24described above.
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3.3 THE DIRECT PHOTO-INDUCED FRAGMENTATION OF ALKYL PYRUVATES
3.3 (i) OBJECT OF INVESTIGATION

Alkyl pyruvates have been shown to undergo photo-induced fragmentation 
in the absence of oxygen, (Equation 3.13) .

hv 
CH3COCOOCH2R RCHO + CO 4̂  other products (3 13)

The mec±ianian by which this fragmentation reaction œcurs has not been 
clearly established and two different mecdianisms have been proposed to
acœunt for the observed oxidation of the alkyl group, and are labelled

5 12 26Type I and Type II ’ because of their analogy to the fragmentation
reaction of ketones, (Schene 3.13) .

0 hv OH [HR ?"

CH^ 
0 0

RCHO

0

hv ( Type I)

CH,CO + OCOCH.R —  RCHjO + CO C H 3 - C - C H O
^  II

R CH jO  + CH3CO — ^ R C H O  + CH3CHO 

Scheme 3*13

It has been clearly established that the fragmentation of methyl,
ethyl and isopropyl pyruvates leads to carbon monoxide production.^ The
oxidation of the alkyl group (BCHz) to give carbonyl cxmpounds has been
shown to occur in gcxxi yield and can be used as part of a sequence of
reactions to transform primary and secondary alcohols into carbonyl 

17compounds. Although no direct evidence exists to confirm the inter-
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mediacy of a hydroxy ketene in the fragmentation process, the observations
that the use of alcohols as solvents for the reaction leads to the
fonnation of esters of mandelic acid frcm phenylglyoxylates(Scheme 3.4;

12Table 3.2) and lactic acid frcm pyruvates (Scheme 3.6), lends credence 
to their suggested fonnation, (i.e. via a Type II reaction). However, the 
finding that a number of alkyl pyruvates produce acetaldehyde favours the 
Type I mechanism if the isolated products are primary photochonical 
products.̂

The following investigations are aimed at identifying the mechanism 
by which the photo-induced fragmentation reaction occurs.

3.3 (ii) PHOTOLYSIS OF ALKYL PYRUVATES MONITORED BY N.M.R. SPECTPOSCOPY

The decorposition of alkyl pyruvates and the fonnation of the observed 
photo-products were evaluated by following the reactions by Ĥ n.m.r. 
spectroscopy, in both deuterated acetonitrile and deuterated benzene 
solutions, under degassed conditions. Samples were therefore irradiated 
in n.m.r. tubes for known periods of time and their spectra recorded on 
cessation of illumination. In this way the fonnation of fonnaldehyde, 
acetaldehyde, acetone and benzaldehyde from the degradation of methyl, 
ethyl, iscpropy1/2-deuterioisopropy1 and benzyl pyruvates respectively, 
were investigated and the results shown in Figures 3.1-3.5, and Table 3.3. 
Frcm these results the rates of photo-induced decorposition of the alkyl 
pyruvates and the rates of fonnation of carbonyl compound were determined 
and are shewn in Table 3.4.

The addition of a triplet quencher (naphthalene) to the reaction 
mixture slewed up both the rate of disappearance of the alkyl pyruvate 
and the rate of fonnation of the carbonyl compound in each case, (Table 
3.4) . Further quenching experiments were performed using varying concen-
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FIG. 3.1
Photolysis of methyl pyruvate (0.1M) in degassed solution
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(iii) in
FIG. 3.1
Photolysis of methyl pyruvate (0.1 M) 
in degassed solution
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FIG. 3.2
Photolysis of ethyl pyruvate 
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FIG. 3.3100
Photolysis of isopropyl 
pyruvate (0.1 M) in 
degassed solution
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100 FIG. 3.3
Photolysis of isopropyl pyruvate 
(O.IM) in degassed solution
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100 FIG. 3.4
Photolysis of 2-deuterioisopropyl 
pyruvate (O.IM) in degassed 
solution
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100 FIG. 3.5
Photolysis of benzylpyruvate (O.IM) in 
degassed solution
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trations of naphthalene in deuterated acetonitrile solutions of methyl, 
ethyl, isopropyl and benzyl pyruvates and the resulting Stem-Volmer 
plots are shewn in Figures 3.6-3.9 respectively. As can be seen, the 
Stem-Volmer plots deviated from linearity and therefore meaningful 
quenching rate constants could not be obtained.

In each of the reactions studied, the rate of disappearance of the 
alkyl pyruvate, and the rate of formation of the carbonyl compound 
produced, was found to be faster in deuterated acetonitrile solution, 
(Table 3.4). It was also found that irradiation of methyl pyruvate 
solutions containing acetaldehyde leads to consumption of the added 
aldehyde, (Table 3.5). The rate of consumption of acetaldehyde is 
faster in deuterated acetonitrile solution than in deuterated benzene 
solution, (Table 3.5) and in the presence of naphthalene, the rate of 
acetaldehyde consumption is negligible in both solvents. This result 
indicates that the triplet methyl pyruvate is being reduced by the 
acetaldehyde, v^ch accounts for the consumption of the aldehyde.

TABLE 3.5

Consunption of acetaldehyde (O.IM) upon irradiation(̂ ) 
of deuterated acetonitrile and deuterated benzene solutions 

containing methyl pyruvate (O.IM)

Solvent % Acetaldehyde consumed
CD3CN
CsDe

48
29

(a) 20 minute irradiation

Methyl glyoxal, the keto-tautcmer of methyl hydroxy ketene, was found 
to undergo photo-decomposition in deuterated benzene solution, (10% 
decomposition after 20 minute irradiation of a O.IM solution of methyl
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M (Naphthalene)

FIG. 3.6
Stem-Volmer plot of the quenching of methyl pyruvate (O.IM, 
□ ) disappearance, and formaldehyde formation ( O ) by 
naphthalene in deuterated acetonitrile. [Irradiation time = 
30 mins.]

-220-



2 0

0005
M (Naphthalene)

FIG. 3.7
Stem-Volmer plot of the quenching of ethyl pyruvate 
(O.IM, □ ) disappearance by naphthalene in deuterated 
acetonitrile. [Irradiation time = 30 mins.]
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M (Naphthalene)

FIG. 3.8
Stem-Volmer plot of the quenching of isopropylpyruvate 
(O.IM, □ ) disappearance and acetone formation (O) by 
naphthalene in deuterated acetonitrile. [Irradiation 
time .= 90 mins.]
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FIG. 3.9
Stem-Volmer plot of the quenching of benzyl pyruvate 
(O.IM, □ ) disappearance by naphthalene in deuterated 
acetonitrile. [Irradiation time = 60 mins.]
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glyoxal).
Most strikingly, t-butvl pyruvate was found to be photochemicallv 

inert under the reaction conditions anoloyed.

3.3 (iii) TRIPLET LIFETIME MEASUREMENTS OF ALKYL PYRUVATES

The triplet lifetiines of alkyl pyruvates in deoxygenated acetonitrile 
solution were determined by laser flash photolysis. The triplet decays 
obtained from the esters are shown in Fig. 3.10. That the transient 
observed is the triplet state was shewn by the fact that all of the 
esters gave a species having the same absorption spectrum (Xmax ~ 685 nm 
in acetonitrile) vdiich decayed with first order kinetics (Figures 3.11 -
3.16) and was quenched by triplet quenchers such as oxygen and naphthalene, 
The resulting triplet lifetimes are given in Table 3.6, and the photo
stable t-butyl pyruvate is seen to have a much longer lifetime than those 
of the reactive esters.

TABLE 3.6

Triplet lifetimes and rate constants obtained frcm laser flash 
photolysis of alkyl pyruvates in deoxygenated acetonitrile 

solution, monitored at 685 nm

Pyruvate Ester T (ns)
Ek(j + k%«

( X 10  ̂s"M
kr

( xlO? s'l)
Methyl 70 1.43 1.24
Ethyl 60 1.68 1.49
Isopropyl 66 1.52 1.33
2-Deuterioisopropy1 69 1.44 1.25
Benzyl 74 1.36 1.17
t-Butyl 521 0.192 -
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FIG. 3.11
Plot of log 10 O.D. V time for decay of transient 
produced frcm laser flash photolysis of methyl 
pyruvate, monitored at 685 nm, shewing first- 
order decay kinetics, vtere kj = gradient % 
2.3026.
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FIG. 3.12
Plot of logio O.D.V time for decay of transient 
produced frcm laser flash photolysis of ethyl 
pyruvate, monitored at 685 nm, shewing first- 
order decay kinetics, ^Aere ka = gradient x 
2.3026.
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FIG. 3.13
Plot of log 10 O.D. V time for decay of transient 
produced frcm laser flash photolysis of isopropyl 
pyruvate monitored at 685 nm, shewing first-order 
decay kinetics, vdiere kd = gradient x 2.3026.
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FIG. 3.14
Plot of logio O.D. V time for decay of transient 
produced frcm laser flash photolysis of 2- 
deuterioisopropyl pyruvate, monitored at 685 nm, 
shewing first-order decay kinetics, \diere kd = 
gradient x 2.3026.
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FIG. 3.15
Plot of log10 O.D, V time for decay of transient 
produced frcm laser flash photolysis of benzyl 
pyruvate, monitored at 685 nm, shewing first- 
order decay kinetics, where kd = gradient x 2.3026.
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3.3 (iv) DISCUSSION OF THE RESULTS AND FRAGMENTATION MECHANISM

Fran the results obtained by foliating the reactions by n.m.r. 
spectroscopy, it is apparent that the fragmentation of methyl pyruvate 
to give formaldehyde is a minor pathway for the destruction of this 
ester. The yield of formaldehyde based on the amount of methyl pyruvate 
consumed is very small (~12%: Table 3.3, CD3CN/t=60 mins.). In contrast, 
isopropyl pyruvate gives acetone in almost quantitative yield, (Table
3.3). Thus it can be concluded that the fragmentation of alkyl pyruvates 
to give carbonyl carpounds fran the alkyl portion of the molecule is not 
the only way by which these esters are consumed, and that favour ability 
of this reaction increases as the degree of substitution of the alkyl 
group is increased.

It is known that acetaldehyde reacts with triplet pyruvic acid 
(Equation 3.14) and therefore the possibility arises that the aldehydes 
formed from the methyl, ethyl and benzyl pyruvates are consumed by 
reaction with the parent esters.

OH I CHjC- + CO CM, 
COOH

[CHrOCOOH]% CH,CHO
OH ICH.C- COCK
COOH

(314)

This probably accounts for the fact that the methyl pyruvate is con
sumed far more rapidly than isopropyl pyruvate. The yield of carbonyl 
cxmpound produced in the fragmentation reaction, based on the amount of 
alkyl pyruvate used is higher when benzene is used as solvent, and the
success of the previously described preparative reactions is no doubt due,

17in part, to the use of benzene as solvent. The fact that the rates of 
disappearance of the alkyl pyruvates are slower in benzene than 
acetonitrile suggests that side reactions, such as reduction are
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suppressed in this solvent. This view is substantiated by the finding 
that the rate of consunption of acetaldehyde, when irradiated in the 
presence of methyl pyruvate, is slower in benzene than acetonitrile, 
(Table 3.5).

The quenching of the fragmentation reaction of alkyl pyruvates, and
of product formation, by naphthalene dononstrates that the triplet state
of the alkyl pyruvate is involved in these reactions. It has previously 

27been shown, by the use of laser flash photolysis, that naphthalene
quenches the triplet states of alkyl pyruvates by energy transfer. Das,

28Encinas and Scaiano have determined, using the same technique, the rate 
constants for the quenching process and found than to be close to 
diffusion controlled. The results reported herein substantiate the

4earlier claim, which was based on benzophenone sensitization studies, 
that the triplet state of the alkyl pyruvate is responsible for the 
fragmentation process.

As previously stated the lack of linearity of the Stem-Volmer plots 
(Figs. 3.6 -3.9) precluded the extraction of reliable values for rate 
constants. A problan encountered in making these measuranents was that 
in order to obtain measurable amounts of the consunption of the alkyl 
pyruvate and foimation of the products, greater than 10% conversion of 
the starting material had to be allowed. Therefore the accumulation of 
products which may either react (e.g. aldehydes) with the triplet ester, 
or sensitize the formation of the triplet ester (e.g. acetone will 
sensitize the formation of triplet isopropyl pyruvate) may well make a 
simple kinetic analysis of the disappearance of the alkyl pyruvate 
invalid.

If the curvature is real, it could indicate that the naphthalene is 
quenching more than one excited state of the alkyl pyruvate, e.g. the
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27singlet and triplet state. However, it has been shewn that naphthalene 
does not quench the short-lived excited singlet state of a-keto-carbcxylic 
esters, and this is not surprising when one considers that the excited 
singlet state of naphthalene is of higher energy than that of the a-keto- 
carbcxylic ester.

Another factor v^ch may well account for the non-linearity of the 
Stem-Volmer plots is the occurrence of ground state association of the 
alJQ̂ l pyruvate and the naphthalene. Association of this type would lead 
to a "static" contribution to the quenching process, and to an overall
increase in the efficiency of the quenching process. If drastic assump
tions are made in order to obtain slopes froti the Stem-Volmer plots
(e.g. use only the portion of the graph v^ch covers lew concentrations
of naphthalene) and consider the triplet quenching process to be truly 
diffusional, then using a quenching rate constant of ~1 x 10̂ ° M“  ̂s"̂  the 
calculated triplet lifetime of methyl pyruvate is ~40 ns and for isopropyl 
pyruvate it is ~4 ns. These values are far shorter than the values 
obtained by laser flash photolysis. The laser flash photolysis experiments 
give a direct measure of the triplet lifetimes for the alkyl pyruvates, 
(Table 3.6), and for methyl and isopropyl pyruvates are 70 and 66 ns 
respectively, vAiich are far shorter than the triplet lifetime obtained for
the unreactive t-butyl pyruvate which was evaluated to be 521 ns.

29Using the method developed by Dalton and Turro for determining the 
rate constants for the Type II reaction of alkanones, it should be 
possible to use the triplet lifetime of the photostable t-butyl pyruvate 
to determine the rate constants for reaction of the other esters. The 
triplet lifetime (t) of the t-butyl pyruvate is given by Equation 3.15:-

T=';^ (3.15)Zkd
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(vtiere kd is the sum of the various unimolecular decay processes, e.g. 
radiationless to the ground state, but not including a term for chonical 
reaction).

By substituting the triplet lifetime of the t-butyl pyruvate (521 ns) 
into Equation 3.15 gives a Ekd value for this unreactive ester of 
0.192x10? s"i.

The triplet lifetime (x ') of the reactive alkyl pyruvates is given by 
Equation 3.16;-

(where Zkd is as above and kr is the rate constant for the Type II 
reaction of the reactive alkyl pyruvate).

Using the Zkd value for the unreactive t-butyl pyruvate obtained frcm 
Equation 3.15 (0.192 x 10? s”M , together with the value of the triplet 
lifetime (x') for each of the reactive alkyl pyruvates (as determined by 
laser flash photolysis) and substituting them into Equation 3.16 gives 
the kr values for the Type II reaction of the reactive alkyl pyruvates, 
(Table 3.6).

Use of the above equations gives kr values for the methyl and ethyl 
pyruvates as being 1.2 x lo? and 1.5 x lo? s“  ̂respectively. The 
slightly higher reactivity of the ethyl pyruvate is to be anticipated 
since the abstractable hydrogen atan of the ethyl group is secondary 
whereas in the methyl group it is primary. However, this rationale 
predicts that the isopropyl pyruvate should have a higher rate constant 
than the ethyl pyruvate and this is not found to be the case since the 
triplet lifetimes of the ethyl and isqpropyl pyruvate esters are similar. 
If the rate constant for reaction of the ethyl pyruvate had been 
particularly high, e.g. ~10^° s“  ̂this finding would not have been too
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surprising since a slight change in C-H bond strength should hardly effect 
the free energy change for a reaction with such a rate constant. Another 
puzzling feature is that the triplet lifetimes and quantum yields for 
photoreaction of the isopropyl and 2-deuterioisopropyl pyruvates are very 
similar. The finding that deuteration has a slight negative primary 
kinetic isotope effect upon the photoreactivity (Table 3.6) is in agree
ment with the results reported by Leermakers.^ The lack of a positive 
kinetic isotope effect upon the reactivity of the isoprcpyl pyruvate and 
the similarity of reactivity between ethyl and iscprcpyl pyruvates

29suggests that the Type II reaction has a very lew energy of activation.
Certainly the entropy of activation should be almost negligible due to the
conformations adopted by the ground state of the esters. The trans-trans

30arrangement of the two carbonyl groijps means that even for the least 
favourable conformation (with regard to reaction) only rotation about the 
oxygen-carbon bond of the oxygen-alkoxy group is necessary to give the 
ester the correct conformation for the Type II reaction, (Fig. 3.17[a]).

H

C„ - 4 / ^ ^  CH3

: ) H  -  ' :)H\;0 0 / \
Ô  Ô  H

[ajfrans (b]cis
Fig. 3 17

This favourable conformation effect should reduce the energy of 
activation and one would anticipate a high rate constant for these 
reactions. It is therefore difficult to reconcile the lew rate constants
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for the reactions with the absence of a primary kinetic isotope effect.
31A similar paradox has been encountered by Coulson and Yang in a study 

of the photochemistry of hexan-2-one, vbere it was found that replacanent 
of the appropriate hydrogen by deuterium led to a slight increase in the 
quantum yield for the Type II reaction. More surprisingly, the deuterium 
substitution altered the relative amount of Type II reaction occurring 
frcm the excited singlet and triplet states.

Although the parameters for the fragmentation of the alkyl pyruvates 
have not been fully quantified, the results reported herein support the 
view that the reaction occurs via the Type II process frcm the excited 
triplet state.

The finding that the alkyl pyruvates fragment via the Type II process
pratpts the question as to hew the carbon monoxide is produced in these
reactions. It has been suggested that this is a secondary product and

12is derived frcm methyl glyoxal, (Equation 3.8). However, a thorough 
search of the n.m.r. spectra did not reveal any formation of methyl 
glyoxal, vbich in a separate experiment was, in fact, found to be unstable 
under the irradiation conditions employed. Apart frcm the ethyl pyruvate, 
acetaldehyde, vbich is the expected product frcm a Type I process, was not 
formed, and therefore the eventual fate of the CH3CO- portion of the 
alkyl pyruvates is unclear.

Sunmarv
The finding that t-butyl pyruvate is photochemically unreactive and 

has a much longer triplet lifetime than methyl, ethyl, isopropyl, 2- 
deuterioisopropyl and benzyl pyruvates, together with triplet quenching 
studies, shews that alkyl pyruvates fragment frcm the triplet state via 
a Type II and not a Type I process. That alkyl pyruvates do not fragment 
via a Type I process is consistent with the finding that pyruvic acid does
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not fragment in this way and shews that photolytic cleavage of the bond 
linking the carbonyl groups in 1,2-dicarbonyl corpounds is an unfavourable 
process.
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3.4 THE DIRECT PHOTO-INDUCED DECARBOXYLATION OF ALKYL PYRUVATES

Object of investigation
The only report pertaining to the photo-induced decarboxylation of 

a-keto-carboxylic esters is that by Hammond and co-workers^ vbo have 
shown that ethyl pyruvate produces carbon dioxide upon irradiation in 
degassed benzene solution. It has previously been demonstrated that 
alkyl pyruvates undergo photo-fragmentation via a Type II mechanism 
(Chapter 3.3), and therefore the possibility of carbon dioxide production 
from esters of this type is particularly intriguing. The aim of the 
experiments reported in this section is to investigate the decarboxylation 
reaction of alkyl pyruvates, and the mechanism by vbich this process 
occurs.

3.4(i) INITIAL DECARBOXYLATION STUDIES

Carbon dioxide production was found to occur for several alkyl
pyruvates in degassed solution, albeit to a small extent, (Table 3.7).

4That ethyl pyruvate undergoes decarboxylation is confirmed, (Table 3.7). 
The yields of carbon dioxide and hexaldehyde frcm irradiation of n-hexyl 
pyruvate, in degassed acetonitrile solution, are shown in Table 3.8.

3.4 (ii) PHOTOLYSIS IN THE PRESENCE OF METHYL VIOLOGEN

It has previously been reported that a-keto-carboxylic acids, such as
pyruvic acid, undergo decarbojq^lation via an electron transfer 

32mechanism, therefore the possibility arises that a-keto-carboxylic 
esters may undergo analogous reactions. In order to ascertain whether 
alkyl pyruvates are capable of undergoing photo - induced electron transfer 
reactions, irradiations of several esters were perfonned in the presence 
of methyl viologen, (MV̂"*") . In each case, the blue coloured species.
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TABLE 3.7

Yields of carbon dioxide from the direct irradiation(&) of alkyl 
pyruvates (10“̂ M) in degassed solution

Alkyl pyruvate 
(10-t M) Solvent

Yield (%) of 
carbon dioxide

f̂ethyl pyruvate Benzene 5.3
Methyl pyruvate Acetonitrile 7
Methyl pyruvate Acetonitrile/water 12
Ethyl pyruvate Acetonitrile 9
Isopropyl pyruvate Acetonitrile 11
t-Butyl pyruvate Acetonitrile 0
t-Butyl pyruvate Benzene 0
t-Butyl pyruvate Acetonitrile/pyridine/water(c) 0

(a) 6h irradiation
(b) (9:1 v/v)
(c) (8:1:1 v/v)

TABLE 3.8

Yields of carbon dioxide and hexaldehyde from the direct 
irradiation^^^ of n-hexyl pyruvate (5xiO“^M) in degassed 

acetonitrile solution

Product Yield (%)

Carbon dioxide 
Hexaldehyde ̂ ̂ ̂

7
30

(a) 3h irradiation
(b) determined by g.l.c.
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+reduced methyl viologen (MV) characterised by its absorption spectrum, 
was rapidly produced. Figure 3.18 shows the production of reduced methyl 
viologen frcm the 1 minute irradiation of degassed acetonitrile/water 
(9:1 Vv) solutions of methyl, ethyl, isopropyl and t-butyl pyruvates 
respectively, and Figure 3.19 shews the results obtained vben the same 
reactions were performed in degassed acetonitrile/pyridine/water (8:1:1 Vv) 
solutions. The yield of reduced methyl viologen was shown to increase 
with increasing irradiation time (Fig. 3.20). On cessation of illumination 
the absorption band due to reduced methyl viologen was observed to decline 
with time, which may indicate that a reversible back electron transfer 
reaction is operative, (Fig. 3.21). Since the colour due to reduced 
methyl viologen was subject to fading, the absorption values obtained in 
Figs. 3.18 -3.20 cannot be used quantitatively, but clearly indicate the 
production of reduced methyl viologen in the reactions.

It is interesting to note that t-butyl pyruvate, vbich has previously 
been shown to be photostable (Chapter 3.3) and did not lead to carbon 
dioxide production upon direct irradiation (Table 3.7), was capable of 
producing reduced methyl viologen when irradiated in the presence of 
methyl viologen.

Control experiments in the absence of the alkyl pyruvates did not give 
rise to reduced methyl viologen, and confirm that the reduced methyl 
viologen is produced via an electron transfer reaction frcm the alkyl 
pyruvate to the parent methyl viologen, as shown in Equation 3.17.

~  zL,

33Methyl pyruvate has been shown, by a laser flash photolysis study, 
to have a triplet-triplet absorption spectrum similar to that of pyruvic
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FIG. 3.18
Production of reduced methyl viologen frcm 1 minute irradiation 
of a-keto-carboxylic esters (5xlO“̂ M) in degassed acetonitrile/ 
water (9:1 Vv) solution containing methyl viologen (10“  ̂M).
(1) methyl pyruvate, (2) ethyl pyruvate, (3) isoprcpyl pyruvate,
(4) t-butyl pyruvate and (5) shows the absorption of each solution 
prior to irradiation.
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FIG. 3.19
Production of reduced methyl viologen from 1 minute irradiation 
of a-keto-carboxylic esters (5x 10"^m ) in degassed acetonitrile/ 
pyridine/water (8:1:1 Vv) solution containing methyl viologen 
(lOr̂  M). (1) methyl pyruvate, (2) ethyl pyruvate,.(3) isopropyl
pyruvate, (4) t-butyl pyruvate and (5) shows the absorption of 
each solution prior to irradiation.
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FIG. 3.20
Production of reduced methyl viologen frcm irradiation of t-butyl 
pyruvate (5xiO“^M) in degassed acetonitrile/water (9:1 Vv) 
solution containing methyl viologen (10"^M), (1) 1 minute irradiation,
(2) 2 minutes irradiation, (3) 3 minutes irradiation and (4) shows the 
absorption of the solution prior to irradiation.
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FIG. 3.21
Decay of reduced methyl viologen.
(1) initial production of reduced methyl viologen frcm

1 minute irradiation of isopropyl pyruvate (5 xlO"^ M) 
in acetonitrile/pyridine/water (8:1:1 Vv) solution 
containing methyl viologen (10“  ̂M) ,

( 2 ) after standing for 2̂  minutes after irradiation and 
( 3 ) after standing for 5 minutes after irradiation.
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28 32acid. * That the transient produced is that of triplet methyl 
pyruvate is illustrated by the observation that the triplet quenchers 
naphthalene and oxygen reduce the lifetime of the transient. The triplet 
lifetime of methyl pyruvate was found to be concentration dependent, 
having a self-quenching rate constant = 2 x lÔ  M“  ̂s"̂ , and at methyl 
pyruvate concentrations of 5 x M in acetonitrile solution the life
time was found to be 140 ns. The addition of methyl viologen to an 
aqueous acetonitrile (1:9 v/v) solution of methyl pyruvate led, upon 
flash photolysis, to the production of reduced methyl viologen. A
similar observation has been noted in the analogous reaction of pyruvic 

32acid. The addition of methyl viologen had little effect upon the 
fluorescence and triplet lifetimes of methyl pyruvate, thus the reduced 
methyl viologen is not predaninantly produced by the reaction of methyl 
viologen with the excited states of methyl pyruvate.

3.4 (ili) DISCUSSION

Several alkyl pyruvates have been found to undergo direct photo-induced
decarboxylation in degassed solution, (Table 3.7). Frcm the yields of
carbon dioxide obtained (Reference 4 and Table 3.7) it appears that
decarboxylation is a minor pathway for the degradation of these esters.
The observation of reduced methyl viologen production (Figs. 3.18 -3.21)
clearly demonstrates that alkyl pyruvates are capable of undergoing
electron transfer reactions, and therefore it is possible that the carbon
dioxide could arise frcm a bimolecular electron transfer reaction frcm
the excited triplet state of the alkyl pyruvate to a molecule of alkyl
pyruvate in its ground state, (Scheme 3.14). This mechanism, analogous
to that proposed to account for the direct ̂ toto-induced decarboxylation 

32of pyruvic acid, could account for the concentration dependence of the
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(CH3COCOOR)® + CHjCDCOOR —  CH.-C -  COOR ♦ C H 3 -C -C O O R
I "0. 0

CH3C0 >C03+*R 
(where R=CH3-, C jH,-. or (CH,), CH- ) 

Scheme 3*14

lifetime of triplet methyl pyruvate.
The triplet state of the alkyl pyruvates is suggested to be involved

in the reaction since naphthalene has been shown, by a laser flash 
33photolysis study, to quench triplet methyl pyruvate, and the Type II 

photo-fragmentation has been shewn to occur frcm the triplet state of 
alkyl pyruvates, (Chapter 3.3). This suggestion is also in accord with 
the proposal by Hanmond and co-workers^ that ethyl pyruvate undergoes 
decarboxylation frcm the triplet state.

The formation of reduced methyl viologen can be attributed to electron 
transfer frcm a reduced species of the aükyl pyruvate to methyl viologen, 
as exemplified in Equation 3.18.

CH-C-COOR + MV** —  CH3COCOOR ♦ MV* (3 18)3 I 
0.

(where R = CH,-, C,H-, (CH )̂, CH- or (CH,), C -  )

The laser flash photolysis study of methyl pyruvate has shown that the 
fluorescence and triplet lifetimes of this ester are little affected by 
the presence of methyl viologen, and as such suggests that the formation 
of reduced methyl viologen does not arise frcm reaction of methyl viologen
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with an excited state of methyl pyruvate.
The bimolecular electron transfer process, leading to decarboxylation, 

as proposed in Scheme 3.14, will be in direct corpetition with the Type 
II fragmentation reaction for the photo-degradation of the alkyl 
pyruvates, and this could account for the finding that the fragmentation 
of methyl pyruvate to give formaldehyde is a minor pathway for the 
destruction of this ester, (Chapter 3.3). n-Hexyl pyruvate, ujx>n 
irradiation in degassed acetonitrile solution, was found to be capable 
of undergoing both decarboxylation (via the proposed bimolecular electron 
transfer process) and the Type II fragmentation reaction (leading to 
hexaldehyde production). This result, shewn in Table 3.8, confirms that 
both pathways can occur simultaneously and are in compétition for the 
degradation of the alkyl pyruvate. However, the reported yields of 
hexaldehyde, in Table 3.8, may be artificially low due to the possibility 
of its consumption in a reduction reaction with triplet n-hexyl pyruvate.

The t-butyl pyruvate has been shown to be photostable (Chapter 3.3) 
and did not lead to carbon dioxide production upon direct irradiation.
The t-butyl pyruvate does not fragment via a Type I reaction and cannot 
fragment via a Type II process, (Chapter 3.3). However, t-butyl pyruvate 
was found to produce reduced methyl viologen when irradiated in the 
presence of methyl viologen, and the mechanism of this reaction is 
particularly coiplicated. As the t-butyl pyruvate is photostable upon 
direct irradiation, it could be considered that any bimolecular electron 
transfer which takes place may be acccrrpanied by an efficient back 
electron transfer reaction, leading to the fonnation of ground state 
t-butyl pyruvate, as opposed to decarboxylation, hence conferring photo
stability upon this ester, (Scheme 3.15). In the presence of methyl 
viologen, the production of reduced methyl viologen (by electron transfer
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frcm the reduced form of t-butyl pyruvate to methyl viologen) will be in 
direct ccmpetition with the back electron transfer reaction if a 
mechanism as shewn in Scheme 3.15 is operative.

M V *

MV
24

CHgCocooqô), + cHiCocooaoy,— cHj-c-coocioy,* CH3-C- C00QCH3),
o_ 0

back electron 
transfer

CHjCOCOOClCH,), ♦  CH,COCOOC(CH,)^ 

Scheme 315

Alternatively, the bimolecular electron transfer reaction of t-butyl
pyruvate could be very inefficient and may not occur to any appreciable
extent. Indeed, the triplet lifetime of t-butyl pyruvate has been shewn
to be considerably longer than those for other alkyl pyruvates, (Chapter
3.3), and the bulky t-butyl groups of this ester could lead to steric
hindrance, making electron transfer frcm the triplet to a ground state

34molecule of the ester an unfavourable process. Das has recently
demonstrated that aromatic carbonyl compounds undergo electron transfer
reactions from the carbonyl triplet state, to methyl viologen, with the

34concomitant formation of reduced methyl viologen. Thus the possibility 
exists, for the long-lived triplet t-butyl pyruvate, that a similar 
reaction could ensue in the presence of methyl viologen. The reduced
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methyl viologen in this case could arise frcm electron transfer frcm the 
triplet t-butyl pyruvate to methyl viologen, giving the radical cation 
of the ester, (Equation 3.19).

C HjC O œ O ClCH ,), 4. M V * '’ -  C H ,-C -C O O C (C H ,), + MV*‘ ( 3 1 9 )

3.4 (iv) DECARBOXYLATICN IN THE PRESENCE OF ELECTRON ACCEPTORS

If the bimolecular electron transfer reaction is to be considered 
feasible for the direct photo-induced decarboxylation of alkyl pyruvates 
(Scheme 3.14) it should be possible to enhance the carbon dioxide 
production by irradiation of alkyl pyruvates in the presence of electron 
acceptors. Accordingly, irradiations of degassed solutions of alkyl 
pyruvates in the presence of various electron acceptors were performed 
and the yields of carbon dioxide thus obtained are given in Table 3.9.

As can be seen frcm this Table, the addition of electron acceptors was 
found to sensitize the decarboxylation reaction. A mechanism involving 
electron transfer frcm the alkyl pyruvate to the electron acceptor is 
envisaged as being accountable for the sensitization process, (Scheme
3.16).

EA —  EA* it*3C0C00R  ̂  ̂ CH3CCOOR
II
0
+•

I
CH3CO ♦ CO,+ *R 

(where EA= electron acceptor, and R= alkyl group) 

Scheme 3 16
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Higher yields of carbon dioxide were envisaged for the sensitized 
decarboxylation of t-butyl pyruvate, vAen corpared to the other alkyl 
pyruvates, due to the greater stability of the t-butyl cation over the
cations produced fron the other esters. However, as can be seen in
Table 3.9, the yields of carbon dioxide frcm t-butyl pyruvate were in
sane cases lower than those obtained frcm the methyl and isopropyl
pyruvates which were similarly investigated.

It is of interest to note that the addition of methyl viologen to 
degassed solutions of methyl and t-butyl pyruvates led to enhanced carbon 
dioxide yields, (Table 3.10), together with the formation of reduced 
methyl viologen.

TABLE 3.10

Yields of carbon dioxide frcm the direct irradiation ̂ ̂ ̂ of alkyl 
pyruvates (10"̂  M) in degassed solutions containing 

methyl viologen ( 10 " ̂ M )

Alkyl pyruvate 
(10"2 M) Solvent

Yield (%) of 
carbon dioxide

Methyl pyruvate 
t-Butyl pyruvate

Acetonitrile/water (9:1 ̂ /v) 
Acetonitrile/pyridine/water (8:1:1 ̂ /v)

19
11.4

(a) 6h irradiation

The above result also lends credence to the involvement of an electron 
transfer reaction in the decarboxylation of alkyl pyruvates. The enhanced 
carbon dioxide yields in the presence of methyl viologen result frcm the 
subsequent fragmentation of the ester radical cation produced in each case, 
and for the t-butyl pyruvate can be explained by the mechanisms shown in 
Scheme 3.15 and/or Equation 3.19. Methyl viologen does not undergo any
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appreciable reaction with the excited states of methyl pyruvate, and the 
mechanisms shown in Scheme 3.14 and Equation 3.18 can be used to explain 
the enhanced carbon dioxide yields frcm this system. This latter result 
further substantiates the proposed bimolecular electron transfer reaction. 

Further evidence to support an electron transfer reaction in the photo
induced decarboxylation of alkyl pyruvates canes frcm the finding that 
irradiation of methyl pyruvate, in degassed acetonitrile and benzene 
solutions containing various arcmatic hydrocarbons, leads to enhanced 
yields of carbon dioxide, (Table 3.11).

TABLE 3.11

Yields of carbon dioxide frcm irradiation ̂ ̂ ̂ of methyl pyruvate 
(10“  ̂M) (A) in benzene and (B) in acetonitrile solution 
containing various arcmatic hydrocarbons (10“  ̂M), 

under degassed conditions

Arcmatic hydrocarbon 
(lO'^M)

Yield (%) of carbon dioxide
(A) Benzene (B) Acetonitrile

None 5.3 7
Naphthalene 10.4 12
2,6-Dimethylnaphthalene 7.1 17.5
9,10- Dimethy lanthracene 13.4 22.3
Biphenyl 11.4 20.9
Phenanthrene 11.6 11.8
Pyrene _ (b) 10.2

(a) 6h irradiation
(b) not measured

A similar observation has been encountered in analogous reactions of 
pyruvic acid (Chapter 2.4), and the same mechanism can be used to explain 
the enhanced carbon dioxide yields frcm methyl pyruvate v^en irradiated in 
the presence of arcmatic ccmpounds, such as naphthalene.
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33It has been shown, by laser flash photolysis, that naphthalene 
quenches the triplet state of methyl pyruvate, and it is possible that 
in the quenching process sane electron transfer could take place resulting 
in the formation of reduced methyl pyruvate and the naphthalene radical 
cation. The further reaction of the naphthalene radical cation with 
ground state methyl pyruvate would explain the enhanced yields of carbon 
dioxide observed in this systen, as described in Scheme 3.17. A similar 
rationale can be used to account for the sensitization of carbon dioxide 
production observed with the other aranatic hydrocarbons.

CH3C0 + C O 2+CH,
t

{CH3COC00CH3)* + CH3C0 C0 0 CH3 —  CH3CC0 0 CH3 + CH3CC0 0 CH3
I "
0 .  0

NpH 

Quenching

^pH

CH-CCOOCH.
*10.

NpH-

CH3COCOOCH3

NpH ♦ CH3CCOOCH. 

0•f*
I

CH,CO + CD, ♦ CH,

Scheme 317

Sunmarv
That alkyl pyruvates are capable of undergoing decarboxylation via a 

bimolecular electron transfer process is consistent wi-th the finding that 
pyruvic acid produces carbon dioxide via an analogous mechanism. The
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decart)oxylation reaction of alkyl pyruvates appears to be a minor route 
for photoreaction, indeed the decarboxylation reaction will be in 
corpetition with the Type II reaction for fragmentation of these esters. 
That electron acceptors can sensitize carbon dioxide production further 
validates the involvement of a bimolecular electron transfer process in 
the direct decarboxylation of alkyl pyruvates. The irradiation of methyl 
pyruvate in the presence of arcmatic hydrocarbons also gives rise to 
enhanced carbon dioxide yields via a mechanism suggested to involve 
electron transfer.
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3.5 THE DIRECT PHOTO-OXIDATIVE DECARBOXYLATION OF a-KETQ-GARBOXYLIC 
ESTERS

Œiect of investigation
The only report pertaining to the effect of oxygen upon the photo

reactions of a-keto-carboxylic esters in solution, is that referring to
22the epoxidation of a-methylstyrene methyl phenylglyoxylate. The aim 

of this investigation is to elucidate the role of oxygen in the direct 
photo-oxidative decarboxylation of a-keto-carboxylic esters.

3.5(i) DECARBOXYLATION STUDIES

A wide variety of a-keto-carboxylic esters were found to undergo 
direct photo-oxidative decarboxylation in oxygenated acetonitrile and 
benzene solutions, (Table 3.12).

TABLE 3.12

Yields of carbon dioxide frcm the direct irradiation ̂ ̂ ̂ of 
a-keto-carboxylic esters (10"̂  M) under oxygen (A) in acetonitrile

and (B) in benzene solutions

a-Keto-carboxylic ester 
(icr% M)

Yield (%) of carbon dioxide
(A) Acetonitrile (B) Benzene

Methyl pyruvate 37 34
Ethyl pyruvate 63 54
Isoprcpyl pyruvate 46 23
n-Butyl pyruvate 20 19
t-Butyl pyruvate 58 47
n-Hexyl pyruvate 35 33
Benzyl pyruvate 33 23
Ethylbenzoylformate 16 18
2-(1-naphthyl)ethyl pyruvate 15 18.5
2-(2-naphthyl)ethyl pyruvate 21 11
2-(2-naphthyl)ethyl-a-keto-octanoate 17 17

(a) 3h irradiation
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The rates of carbon dioxide production fron the irradiation of methyl 
pyruvate in oxygenated acetonitrile and oxygenated benzene solutions are 
shown in Fig. 3.22.

Rather surprisingly, t-butyl pyruvate, which has been shown to be 
photostable under degassed conditions (Chapter 3.3 and 3.4), was found 
to undergo efficient photo-oxidative decarboxylation (Table 3.12), and 
the rates of carbon dioxide production for this ester, in oxygenated 
acetonitrile and oxygenated benzene solutions are shewn in Fig. 3.23.

Table 3.13 shows the yields of carbon dioxide and hexaldehyde frcm the 
direct photo -oxidation of n-hexyl pyruvate in oxygenated acetonitrile 
solution.

TABLE 3.13

Yields of carbon dioxide and hexaldehyde frcm the 
direct irradiation(̂ ) of n-hexyl pyruvate (5 xio"^ M) 

in oxygenated acetonitrile solution

Product Yield (%)

Carbon dioxide 
Hexaldehyde ^

35
45

(a) 3h irradiation
(b) determined by g.l.c.

The addition of 9,10-dicyanoanthracene to oxygenated acetonitrile 
solutions of methyl pyruvate was found to lead to decarboxylation, (Table 
3.14). Although the yield of carbon dioxide is not as high as under 
direct irradiation conditions, sensitization must be occurring since the 
9,10-dicyanoanthracene absorbed all the incident light.

The effect of solvent deuteration upon the yields of carbon dioxide 
frcm irradiation of oxygenated solutions of methyl and ethyl pyruvates
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TABLE 3.14

Yields of carbon dioxide from the irradiationof 
methyl pyruvate (10"̂  M) in oxygenated acetonitrile 

solution containing 9,10-dicyanoanthracene^^^

Conditions Yield (%) of carbon dioxide
9,10-dicyanoanthracene absent 
9,10 -dicyanoanthracene present

50
38

(a) 6h irradiation
(b) CD = 1.0 at 370 nm

was investigated and the results shown in Table 3.15. As can be seen no 
appreciable solvent isotope effect exists for the carbon dioxide formation,

TABLE 3.15

Solvent isotope effect upon the yield of carbon dioxide fran the direct 
irradiation(̂ ) of a-keto-carboxylic esters (10“  ̂M) 

in oxygenated solution

a-Keto-carboxylic ester 
(10“  ̂M) Solvent

Yield (%) of 
carbon dioxide

Isotope
Effect

Methyl pyruvate 
Methyl pyruvate

Deuteriochloroform
Chloroform

52
35 1.48

Ethyl pyruvate 
Ethyl pyruvate

Deuterium oxide 
Water

15.4
16.3 0.94

(a) 5h irradiation

3.5(ii) DISCUSSION

Alkyl pyruvates have been shown to undergo direct photo-induced 
decarboxylation via a bimolecular electron transfer process under degassed 
conditions, (Chapter 3.4). In the presence of oxygen the yields of carbon 
dioxide are dramatically increased, and therefore the mechanism of the
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interaction of oxygen and a-keto-carboxylic ester leading to carbon
dioxide production, is of particular interest.

It has previously been suggested that the photo-epoxidation of a-
methylstyrene by methyl phenylglyoxylate proceeds by initial a-cleavage
of the ester, followed by radical scavenging by oxygen leading to

22epoxidation via per-acid intermediates. However, it is now appreciated
that alkyl pyruvates, and presumably other a-keto-carboxylic esters, do
not fragment via a Type I reaction involving a-cleavage, but via a Type II
reaction involving hydrogen atan abstraction, (Chapter 3.3). Thus, the
epoxidation reaction cannot involve the interaction of oxygen with
radicals produced via a-cleavage of the a-keto-carboxylic ester.

Let us consider therefore the ways in vhich oxygen could interact with
the a-keto-carboxylic esters. There is the possibility, for those esters
capable of undergoing the Type II fragmentation reaction, that oxygen

35could intercept the intermediate 1,4-diradical, and give rise to a
product which collapses giving carbon dioxide. However, that the yield 
of hexaldehyde, the Type II fragmentation product, frcm the irradiation 
of oxygenated acetonitrile solutions of n-hexyl pyruvate is high, (Table 
3.13), would suggest that oxygen does not intercept the 1,4-diradical 
formed via the Type II process. This is consistent with the finding that 
oxygen does not intercept the 1,4-diradical formed in the Type II reaction 
of a-keto-octanoic acid (Chapter 2.5). It should be noted that the yield 
of hexaldehyde frcm irradiation of n-hexyl pyruvate is higher under 
oxygenated (Table 3.13) than under degassed conditions, (Chapter 3.4;
Table 3.8). This indicates that the reduction reaction of triplet n-hexyl 
pyruvate by hexaldehyde is being suppressed under oxygen, presumably the 
interaction of oxygen with triplet n-hexyl pyruvate reduces the amount of 
triplet n-hexyl pyruvate available for reduction, and hence a higher yield
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of hexaldehyde is observed. That oxygen does not intercept the 1,4- 
diradical formed by the Type II reaction, together with the finding that 
good yields of carbon dioxide are obtained frcm t-butyl pyruvate, (which 
does not fragment via either a Type I or Type II reaction and is found to 
be photostable under degassed conditions), would suggest that decarboxyla
tion may arise frcm a direct reaction between oxygen and a-keto-carboxylic 
ester. A similar direct reaction between oxygen and the esters capable 
of fragmenting by a Type EC process, would obviously ccnpete with the 
Type II reaction for degradation of these esters.

An obvious mechanism for the decarboxylation of a-keto-carboxylic 
esters in oxygenated solution, would be to suggest the involvement of 
singlet oxygen, which could be produced by reaction of the triplet ester 
with oxygen. Any singlet oxygen so produced may react with the a-keto- 
carboxylic ester to produce carbon dioxide. However, the lack of a 
solvent isotope effect upon the decarboxylation reaction of methyl and 
ethyl pyruvates (Table 3.15) indicates that singlet oxygen plays little, 
if any, rôle in the photo-oxidative decarboxylation of these esters.
This rationale assumes that any singlet oxygen reaction would involve a 
diffusional process.

Alkyl pyruvates have been shown to undergo an electron transfer 
reaction with methyl viologen to produce reduced methyl viologen, (Chapter 
3.4). It is conceivable that in oxygenated solutions, where the oxygen 
concentration is similar to that of the a-keto-carboxylic ester, electron 
transfer to oxygen from the ester may occur, (Equation 3.20).

(Ester)* ♦ 0; —  (Ester)* + 0% (3 20)

The superoxide anion may then react with the ester radical cation to 
produce carbon dioxide, and/or the ester radical cation may fragment to
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form radicals which could be scavenged by oxygen to form per-oxy species 
and give rise to carbon dioxide, as shown in Scheme 3.18.

CO; and other products 

“ hV

Per-adds

0,  and/or 0 ’

(RCOf-K 0=C-0R or R-C + 0 = C -0 R '

(RCCCOOR')** 0;
R-C-COOR' 4. 0:

II *0

R —C~00' 0 = C—OR —

0—  0-

I
R -C-COOR

CO; and other products

(where R = methyl, phenyl or octyl 

and R= alkyl, benzyl, 2-(1-naphthyl)ethyl or 

2- (  2-naphthyl)ethyl)

Scheme 3 18
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The formation of the per-oxy species, as shown in the above mechanism,
22would account for the observed epoxidation of alkenes. That per-oxy 

species are produced in the photo-oxidative decarboxylation of a-keto- 
carboxylic esters is indicated by the observation that t-butyl pyruvate, 
upon prolonged irradiation in oxygenated acetonitrile solution, leads to 
greater than one mole of carbon dioxide evolution, (Fig. 3.23). The 
production of more than one mole of carbon dioxide frcm the photo
oxidation of pyruvic acid has previously been shewn to involve the 
participation of per-acids, (Chapter 2.5), and therefore the possibility 
exists that such species could be involved in similar reactions of a-keto- 
carboxylic esters, as shewn in Scheme 3.18. Indeed, that per-acids are 
produced in the photo-oxidation of a-keto-carboxylic esters has previously
been shewn by the observation of per-benzoic acid frcm irradiation of

22methyl phenylglyoxylate in oxygenated benzene solution.
Further evidence to support the mechanian proposed in Scheme 3.18, 

involving electron transfer frcm a-keto-carboxylic ester to oxygen, ccmes 
frcm the finding that 9,10-dicyanoanthracene (DCA), a good electron 
acceptor, can sensitize the decarboxylation of methyl pyruvate in 
oxygenated acetonitrile solution. Table 3.14. The mechanism by which 
this sensitization could occur is shewn in Scheme 3.19.

DCA —  DCA* OCA: + CH3-C-COOCH3
0

DCA’  ♦ 0; —  DCA ♦ Oï

OJ ♦ CH3-C-COOCH3 —  CO; + other products
II0

Scheme 3 19
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It is of interest to note that 2 - ( 2 -naphthyl ) ethyl pyruvate has been 
shown, by laser flash photolysis, to undergo reaction with methyl viologen 
to produce reduced methyl viologen, (Chapter 3.7). The addition of methyl 
viologen to aqueous acetonitrile solutions of 2-(2-naphthyl) ethyl pyruvate 
did not affect the fluorescence or triplet lifetimes of the ester, and 
therefore reduced methyl viologen does not arise frcm reaction of methyl 
viologen with an excited state of this ester, (Chapter 3.7). It is 
conceivable that the naphthyl-a-keto-carboxylic esters could undergo an 
internal electron transfer reaction upon irradiation, to form a molecule 
which contains a carbonyl radical anion and a naphthalene radical cation 
group, (Equation 3.21). The interaction of this latter species, with 
methyl viologen, will give reduced methyl, viologen.

hv
R -  COCOOCĤ CHjNp —  R -  C- COOCH.CĤ Np

0  ̂ (3-21)

(where R = or Np z Î -  or 2-naphttiyl)

The interaction of oxygen with a species such as that formed in 
Equation 3.21 above, could also be responsible for decarboxylation of 
esters of this type, (possibly by the formation of the superoxide anion),
in addition to the mechanism proposed in Scheme 3.18.

In the study of a-keto-octanoic acid, (Chapter 2.5) , high yields of 
pent-l-ene were obtained both in oxygenated and degassed solutions. The 
carbon dioxide produced in the above system was suggested to arise from 
the pyruvic acid produced by the Type II fragmentation of the a-keto- 
octanoic acid, as opposed to the interception of the 1,4-diradical with 
oxygen, (Chapter 2,5). Thus, for a-keto-carboxylic esters capable of 
undergoing a Type II reaction, one cannot rule out the possibility that
at least sane of the carbon dioxide may arise from the subsequent
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decarboxylation of a product of the Type II fragmentation process, via 
the interaction of oxygen with the latter species. However, that t-butyl 
pyruvate gives high yields of carbon dioxide vhen irradiated in 
oxygenated solution shows that decarboxylation can occur frcm the direct 
reaction of the esters with oxygen, (Equation 3.20). As t-butyl pyruvate 
does not undergo the Type II reaction, the decarboxylation of this ester 
cannot arise frcm the interaction of oxygen with a product of the Type II 
fragmentation process, and further substantiates the mechanism proposed 
in Scheme 3.18.

In conclusion, carbon dioxide yields in excess of 100% were only 
obtained frcm prolonged irradiation of oxygenated acetonitrile solutions 
of t-butyl pyruvate, (Fig. 3.23). The second mole of carbon dioxide may 
well arise frcm the 0 = C — OR' species either by direct decarboxylation, 
or by interaction with oxygen to form an intermediate which collapses 
giving carbon dioxide. In contrast to the t-butyl pyruvate, which cannot 
undergo a Type II reaction, prolonged irradiation of methyl pyruvate, 
vhich is capable of fragmentation via the Type II process did not produce 
high yields (i.e. >1 mole) of carbon dioxide, (Fig. 3.22). Hence, the 
lower yields of carbon dioxide, obtained frcm irradiation of oxygenated 
acetonitrile solutions of methyl pyruvate, can be explained on the basis 
of conpetition between the Type II process and the mechanism shewn in 
Scheme 3.18, for the decarposition of this ester.

Summary
The direct photo-oxidative decarboxylation of a-keto-carboxylic esters 

has been studied, and found to lead to higher yields of carbon dioxide 
than those reported under degassed conditions. The proposed mechanism 
for the reaction is suggested to involve an electron transfer reaction 
frcm the a-keto-carboxylic ester to oxygen, with carbon dioxide production

“ 266“



arising fran either the interaction of the superoxide anion with the 
ester radical cation, and/or the scavenging, by oxygen, of the radicals 
produced frcm the further degradation of the ester radical cation. This 
electron transfer reaction will be in corpetition with the Type II 
reaction for degradation of the esters, and there is the possibility 
that carbon dioxide may be produced frcm the reaction of the species 
generated in the Type II process. The intermediacy of per-acids is 
invoked, and the mechanism is supported by the observation that the 
electron acceptor, 9,10-dicyanoanthracene, sensitizes the decarboxylation 
reaction of methyl pyruvate.
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3.6 TEiE DYE-SENSITIZED PHOTO-OXIDATIVE DECARBOXYLATION OF a-KETO- 
CARBOXYLIC ESTERS

Obiect of investigation
Few reports have appeared relating to the dye-sensitized photo-

oxidative decarboxylation of a-keto-carboxylic esters, namely the enol
23tautoners of methyl-p-methoxyphenylpyruvate and a derivative vhich has

24the enol group protected by methyl substitution. The decarboxylation
23 24reaction was shewn to be sensitized by dyes such as Methylene Blue ’

24and tetraphenylporphyrin. The following investigations were performed
in order to establish whether other a-keto-carboxylic esters are capable 
of undergoing similar dye - sensitized photo-oxidative decarboxylation 
reactions, using a variety of dyes as sensitizers.

3.6 ( i ) DECARBOXYLATION STUDIES

Several a-keto-carboxylic esters were found to produce carbon dioxide
upon dye-sensitized photo-oxygenation in acetonitrile/pyridine (4:1 Vv)
solution, and the results are shown in Table 3.16.

The decarboxylation reaction of methyl pyruvate, in acetonitrile/
pyridine (4:1 Vv) solution, was found to occur using a variety of

23 24sensitizers, (Table 3.17). That Methylene Blue ’ and tetraphenyl- 
24porphyrin can lead to decarboxylation is confirmed, (Table 3.17). 

Carbon dioxide was also obtained frcm the Methylene Blue sensitized 
photo-oxygenation of methyl pyruvate in methanol/pyridine (4:1 Vv) 
solution, (Table 3.17).

The effect of oxygen concentration upon the decarboxylation of methyl 
pyruvate, sensitized by Rose Bengal, in acetonitrile/pyridine (4:1 Vv) 
solution was studied and the results shown in Table 3.18. Higher yields 
of carbon dioxide were obtained vhen the reaction was performed under
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TABLE 3.18

Yields of carbon dioxide fran irradiation ( ̂ ) of methyl pyruvate 
(2xio"^M) in acetonitrile/pyridine (4:1 Vv) solution, 

sensitized by Rose Bengal under different oxygen concentrations

Conditions Yield (%) of carbon dioxide

Argon 17.4
Oxygen 27.1
Air 42.5
Nitrogen (OFN) 12.0
Nitrogen (Coimercial) 11.4

(a) iSh irradiation; 2% potassium chranate filter 
solution.

(b) Concentration = 0.02g/25ml.

air than under pure oxygen, (Table 3.18).
The Rose Bengal sensitized photo-oxygenation of n-hexyl pyruvate was 

studied in a variety of solvents, and the yields of carbon dioxide 
obtained in each case are shewn in Table 3.19. A g.l.c. analysis was 
carried out on one of the n-hexyl pyruvate solutions, and it was found to 
contain hexanol as a product, (Table 3.19).

3.6(ii) DISCUSSION

The dye-sensitized photo-oxygenation of a-keto-carboxylic esters was 
found to lead to carbon dioxide production, (Tables 3.16-3.19). The 
decarboxylation reaction was found to be sensitized by a variety of dyes 
(Table 3.17), and the reaction was observed to shew a marked dependence 
upon oxygen concentration, (Table 3.18).

It has previously been suggested that the dye-sensitized photo-oxygena
tion of a-keto-carboxylic esters proceeds via a mechanism involving 

23 24singlet oxygen, ’ although no concrete evidence was put forward in 
these studies to substantiate such a claim. Frcm the results reported
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herein the participation of singlet oxygen cannot be either definitely 
invoked or rigorously excluded in the dye-sensitized photo -oxygenation 
of a-keto-carboxylic esters. Although further studies are required in 
order to conclusively elucidate the rôle that singlet oxygen may play in 
these reactions, its participation is considered unlikely because of the 
observed effect of oxygen concentration.

Reactions which involve singlet oxygen do not show a dependency on 
oxygen concentration, (Chapter 2.6.2), i.e. the reactions proceed at 
similar rates both under lew and high oxygen concentrations. However, 
the decarboxylation of methyl pyruvate was shown to be markedly dependent 
upon oxygen concentration, (Table 3.18), and as such indicates that 
singlet oxygen is not involved in the decarboxylation reaction. Thus, if 
singlet oxygen was responsible for the reaction, the yields of carbon 
dioxide frcm methyl pyruvate should have been comparable at both low and 
high oxygen concentrations, and as this was not the case a singlet oxygen 
mediated reaction is considered inprobable. A similar oxygen dependency 
has been shown to exist in the dye-sensitized photo-oxidative decarboxyla
tion of a-keto-carboxylic acids (Chapter 2.6.2) which are known not to

22 36react via a singlet oxygen mechanism. ’
Frcm this initial decarboxylation study, together with the previous

findings that a-keto-carboxylic esters are capable of undergoing electron
transfer reactions (Chapter 3.4 and 3.5), the follcwing mechanism is
tentatively proposed in order to account for the production of carbon
dioxide under dye-sensitized photo-oxygenation conditions, (Scheme 3.20).

The formation of a species such as (A), in the above Schone 3.20, has
been suggested as an intermediate in the direct photo-oxidation reactions

22of a-keto-carboxylic acids and their esters (Chapter 3.5). It is 
considered feasible that in the dye-sensitized photo-oxygenation of a-
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Dye. - L .  Dye- Dye. (1)
^ 0  '1

Dye^ + RCOCOOR' —► Dye’’ + (RCOCQOR')^ (2)

Dye"" ♦ 0, —*► Dye,. + OJ (31

■0 0
0% » (RCOCOOR')* —► R - I^ ^ O O R '—► R -C -0 0 --^  0=C-0R' (4)

I
(A) 0 — O

9 R"H . .  Dye
R—C -0 0 ' —► R RCO3H “1̂  COj + other products (5)

0 = C -0 R ' —«-CO ♦ OR' ^  R'OH 4- R“̂ ( 6 )

and (RCOCOOR')*-*► (RCO)* 4- 0 = C - 0R' (7)

0, 9
(RCO) 4. D y e -—►Dyeç 4. (RCO)' —► R - C - 0 0 -  (8)

(where R = methyl, phenyl or octyl,

R’ = alkyl, benzyl, 2-(1-naphthyl)ethyl or 

2- ( 2 -naphthyl)ethyl 

and R'H= hydrogen donor)

Scheme 3 20

keto-carboxylic esters a similar species could arise fran the reaction
shown in Scheme 3.20.

Per-acid intermediates have been shown to be prcxiuced in the direct
22photo-oxidation of a-keto-carboxylic es-ters, and in the dye- sensitized 

reaction the formation of per-acid species could well account for carbon 
dioxide production. In fact in separate experiments, per-acetic acid was 
found to undergo decarboxylation upon dye - sensitized reaction both under

-274-



TABLE 3.20

Yields of carbon dioxide frcm the dye-sensitized 
re a c t i o n o f  per-acetic acid (3,2 xlO“  ̂M) in 

acetonitrile/pyridine (4:1 Vv) solution

Conditions Yield (%) of carbon dioxide

Under argon 
Uhder oxygen

8
9

(a) Rose Bengal =0,02g/25 ml; 2% potassium 
chrcmate filter solution; 15h irradiation.

degassed and oxygenated conditions, (Table 3.20).
It is possible that the species 0 = C-0-R^ could undergo decarboxyla

tion as opposed to decarbonylation as shown in Scheme 3.20. The resulting 
•r ' could then undergo hydrogen atcm abstraction to yield R'H. However, 
in the dye-sensitized photo-oxygenation of n-hexyl pyruvate, only hexanol 
was observed in the irradiated solution, i.e. no hexaldehyde, hexane or 
hexene appeared, therefore decarbonylation of 0 =C— 0-R' with the 
formation of hexanol frcm the resulting »0R̂  radical is favoured over the 
fragmentation of the species 0=C-0-R^ via decarboxylation. It is also 
feasible that the 0 = C-0-R^ species could be intercepted by oxygen to 
give rise to an intermediate that could undergo decarboxylation and lead 
to a second mole of carbon dioxide. However, as the yields of carbon 
dioxide were never greater than 100% (i.e. 1 mole), the occurrence of 
such a reaction may be unlikely. That hexanol is produced in the dye- 
sensitized photo-oxygenation of n-hexyl pyruvate provides further evidence 
to support the mechanism as proposed in Scheme 3.20.

Such a mechanism (Scheme 3.20) predicts that equivalent amounts of 
carbon dioxide and hexanol should be formed. However, this was not found 
to be the case, as the yield of carbon dioxide was 10% lower than the
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yield of hexanol, (Table 3.19). This discrepancy could be due to the 
fact that decarboxylation of per-acetic acid may be less efficient than 
the reaction leading to hexanol formation. Also any per-acetic acid 
formed may undergo reactions other than decarboxylation and hence lower 
the theoretical yield of carbon dioxide as caipared to the yield of 
alcohol.

Obviously further experiments, for example (a) a full product study 
for each a-keto-carboxylic ester and (b) an investigation into the role 
that singlet oxygen may have, are warranted in order to elucidate the 
mechanism of the dye-sensitized photo-oxygenation of a-keto-carboxylic 
esters conclusively.

Summary
a-Keto-carboxylic esters are capable of undergoing dye-sensitized 

photo-oxygenation leading to carbon dioxide production. In the case of 
n-hexyl pyruvate, hexanol, in addition to carbon dioxide, was produced. 
The decarboxylation reaction can be sensitized by a variety of dyes, and 
the reaction of methyl pyruvate was shown to be dependent upon the oxygen 
concentration. A mechanism, not involving singlet oxygen, is proposed.
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3.7 THE DIRECT PHOTO-INDUCED FRAGMENTATION OF A SERIES OF LONG CHAIN 
g-KETO-CARBOXYLIC ESTERS

Object of investigation
It has previously been demonstrated that a-keto-decanoic acid under-

21goes the Type II reaction leading to hept-l-ene and pyruvic acid. Frcm
quenching studies using cyclohexa-1,3-diene, the excited state responsible

21for the fragmentation process was thought to be the triplet. a-Keto- 
octanoic acid has recently been shown to undergo an analogous Type II 
reaction leading to pent-l-ene formation, and the excited state deemed 
responsible for the reaction was suggested to be the singlet state, 
(Chapter 2.5). Experiments are now described which investigate the 
hitherto unreported Type II fragmentation reaction of a-keto-octanoates, 
and probe the excited state frcm v^ch the fragmentation reaction occurs.

3.7(i) PRODUCT STUDIES

a-Keto-octanoic acid, its methyl and 2-(2-naphthyl)ethyl esters were 
found to undergo the Type II reaction in benzene solution, yielding 
pent-l-ene, (Table 3.21). The reaction of a-keto-octanoic acid has 
previously been reported in Chapter 2,5 and is included in the results 
shown in Table 3.21 for ccmparison purposes. The Type II reaction of 
2-(2-naphthyl)ethyl-a-keto-octanoate was also studied in acetonitrile 
solution, (Table 3.22). The yields of carbon dioxide produced frcm the 
solutions under investigation were also evaluated and are included in 
Tables 3.21 and 3.22. The Type II fragmentation can also lead to cyclic 
photo-products via cyclisation of the intermediate 1,4-diradical, however 
the formation of such products was not investigated for the reported 
reactions.

The Type II reaction leading to pent-l-ene formation was found to be
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TABLE 3.22

Yields of pent-l-ene and carbon dioxide fran the 
direct irradiation(̂ ) of 2-(2-naphthyl)ethyl-a-keto-octanoate 

(5xiO“^M)in acetonitrile solutions

Yields (%) of products
Reaction conditions Pent-l-ene Carbon dioxide

Argon purged 26 17.3
Oxygen purged 24 48.7

(a) 18h irradiation

relatively insensitive to the presence of triplet quenchers such as
oxygen and naphthalene, (Tables 3.21 and 3.22). Interestingly, 2- (2-
naphthyl) ethyl-a-keto octanoate, which contains a naphthalene group
ideally situated to deactivate the triplet state of the ester by energy
transfer, also gave rise to quite high yields of pent-l-ene, (Tables 3.21
and 3.22). In the earlier study of a-keto-decanoic acid by Evans and 

21Leermakers, cyclohexa-1,3-diene at concentrations >1.5 M were used to 
quench the Type II reaction. It was found that cyclohexa-1,3-diene at a 
concentration of 1.0 M almost totally quenched the formation of pent-l-ene 
fran the Type II reaction of a-keto-octanoic acid in benzene solution, 
(Table 3.21).

The yield of carbon dioxide fran the solutions investigated was found 
to be markedly increased in the presence of oxygen, with much lower yields 
being obtained fran the same reactions v^en performed under degassed con
ditions , (Tables 3.21 and 3.22).

The rate of disappearance of methyl octanoate in degassed deuterated 
benzene solution was determined by follcwing the reaction by n.m.r. 
spectroscopy, and was evaluated to be 0.3 x lO"̂  moles/min, [Fig. 3.24(a)] . 
The addition of the triplet quencher naphthalene had little effect upon 
the rate of disappearance of methyl octanoate under the same irradiation
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conditions [Fig. 3.24(b)] and was determined as being 0.28 xio"® moles/ 
min. In both cases the products of the Type II reaction (methyl pyruvate 
and pent-l-ene) were observed in the n.m.r. spectra, although no 
attempt was made to quantify the yields as methyl pyruvate was observed 
to undergo secondary photo-reactions.

3.7 (ii) lASER FLASH PHOTOLYSIS STUDY

It has been shown, by nanosecond laser flash photolysis (Chapter 3.4), 
that naphthalene quenches the triplet state of methyl pyruvate. The 
triplet lifetime of methyl pyruvate was found to be concentration 
dependent (kgq = 2 x lÔ  s"M and at concentrations of 5 xiO"^M in 
acetonitrile solution the triplet lifetime was found to be 140 ns,
(Chapter 3.4). Frcm this lifetime measurement, the presence of oxygen 
at a concentration of 8 x lO"^ should reduce the yield of pent-l-ene 
~20-fold if the triplet state of the ester is responsible for the Type II 
reaction.

Furthermore, laser flash photolysis of 2- (2-naphthyl)ethyl pyruvate
showed that the presence of the naphthalene group leads to almost total
quenching of the triplet state of the ester, and this is attended by the
formation of triplet naphthalene. Figure 3.25 shows the absorption
spectra of the transients produced by laser flash photolysis of 2- (2-
naphthyl)ethyl pyruvate. The absorption bands between 600 and 800 nm may

32be due to the formation of the naphthalene radical cation. The triplet 
naphthalene so produced was found to decay with first-order kinetics and 
have a lifetime of 770 ns, (Fig. 3.26). Thus the formation of pent-l-ene 
frcm 2-(2-naphthyl)ethyl-a-keto-octanoate cannot have arisen frcm the 
triplet state of the ester.

The addition of methyl viologen to aqueous acetonitrile solutions
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(a)

500ns

FIG. 3.26
Decay of triplet naphthalene, noiitored at 415 nm, 
produced by energy transfer from the triplet ester 
function of 2- (2-naphthyl)ethyl pyruvate, in 
degassed acetonitrile solution.
(a) Sns/division, (b) 500 ns/division.
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(1:9 Vv) of 2- (2-naphthyl)ethyl pyruvate led, upon, flash photolysis, to 
the production of reduced methyl viologen. The addition of methyl 
viologen had little effect upon the fluorescence and triplet lifetimes 
of 2-(2-naphthyl)ethyl pyruvate, and this shows that the reduced methyl 
viologen is not predaninantly produced by reaction of methyl viologen 
with the excited states of the ester.

3.7 (iii) DISCUSSION

Ester derivatives of a-keto-octanoic acid are s h a m  to be capable of 
undergoing the Type II fragmentation reaction leading to the formation of 
pent-l-ene, (Tables 3.21 and 3.22), via a mechanism shewn in Scheme 3.21.

/CH, CH,
\

0
It

/CH,-CH,
hV /  \

0
It

CH C- c ----- ;-CH,CH,CH,-CH C - C
\ / \ 3 * 2 .  ,

\
H 0 OR HO OR

CH, 0
CH,CH,CH,CH = CH, *

HQ '"or

where R = -H, -CH, or -  CĤ CH,

Scheme 3 21

As the yields of pent-l-ene, frcm irradiation of the a-keto-octanoates, 
are little affected by the presence of the triplet quenchers oxygen and 
naphthalene, it can be surmised that the Type II reaction does not occur
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frcm the excited triplet state. This view is further substantiated by the 
finding that good yields of pent-l-ene are obtained frcm 2-(2-naphthyl)- 
ethyl-a-keto-octanoate. Since the naphthalene group in 2-(2-naphthyl)- 
ethyl pyruvate efficiently quenches the triplet state of its ester group 
(Fig. 3.25), it is feasible that the triplet state of the ester portion 
of 2-(2-naphthyl)ethyl-a-keto-octanoate is quenched by the naphthalene 
group within the molecule. Naphthalene also quenches the triplet state 
of methyl pyruvate and this is consistent with the observation that

32triplet pyruvic acid is efficiently quenched by oxygen and naphthalene.
It can be concluded that the Type II fragmentation reaction of both

a-keto-carboxylic acids, such as a-keto-octanoic acid, and a-keto-
carboxylic esters, such as a-keto-octanoates, occurs frcm the excited
singlet state. This view is in direct conflict with that proposed by

21Evans and Leermakers v h o showed that high concentrations of cyclohexa-
1,3-diene quench the Type II reaction of a-keto-decanoic acid, and as such
invoked the participation of the triplet state. However, it has new been
appreciated that the excited singlet states of ketones are quenched by

38high concentrations of dienes including cyclohexa-1,3-diene. It has
also been shewn that a-keto-carboxylic esters react with alkenes to give
[2 + 2] cycloaddition products, and that the excited singlet state of

40methyl pyruvate is quenched by cyclohexa-1,3-diene. Thus it would
21appear that the quenching observed by Evans and Leermakers was due to

quenching of the excited singlet state.
The question arises as to how carbon dioxide is produced in these

systems. As the yields of pent-l-ene are high vrfien the reaction is
performed under oxygen, it appears that the oxygen is not interacting

35with the intermediate 1,4-diradical. In all probability the carbon 
dioxide generated in these systems (Tables 3.21 and 3.22) canes from the
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subsequent reaction of the dicarbonyl ccnpound vdiich is produced, 
together with pent-l-ene, frcm the Type II fragmentation reaction of the 
parent molecule (Equation 3.22) via the mechanisms previously described, 
(Chapters 2.3; 2.5; 3.4 and 3.5), although the reaction of triplet ester 
with oxygen may also be accountable for part of the decarboxylation 
reaction, (Chapter 3.5).

.0 ^3 0 kV\  J  5=s \f. " » CO, *  other products

0 -  - O P

/where R=-H, -CH, or j

Surrmarv
Methyl octanoate and other a-keto-octanoate ester derivatives undergo 

the Type II fragmentation reaction to give pent-l-ene. Frcm photo
physical measurements, and quenching studies, the Type II reaction of 
a-keto-carboxylic acids, (contrary to previous claims), and also the 
previously unreported Type II reaction of a-keto-octanoates, occurs frcm 
the excited singlet state. The carbon dioxide produced in these reacrticns 
is suggested to arise frcm a secondary reaction of the dicarbcnyl fragment 
produced in the Type II reaction.
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4.1 INSTRUMENTATION

Fluorescence spectra were recorded using a Perkin-Elner MPF4 spectro- 
fluorimeter. A Pye-Unicam SP 800 and a Perkin-Elmer 402 spectrophoto
meter were used to record ultra-violet and visible spectra. Where 
solutions of known optical density at a specific wavelength v^re required 
a Cecil Instruments CE 272 Linear Readout Ultra-violet Spectrqphotcmeter 
was used to prepare the solutions.

Infrared spectra were recorded, either as Nujol mulls or neat films, 
using a Perkin-Elmer 237, 257 or 157G grating spectrophotometer.

Proton nuclear magnetic resonance spectra v^re recorded on a Varian 
T60 or a Jeol JNM-MH 100 spectrcmeter. TetramethyIsilane (IMS) was used 
as the internal standard and deuteriochloroform (CDCI3) was used as the 
solvent unless otherwise stated. [Ihe following abbreviations have been 
used in the spectral interpretations : - s = singlet; d = doublet; 
t = triplet; q = quartet and m = multiplet. ]

Melting points were determined using a Kofler block and are 
uncorrected. All caipounds prepared as oils were distilled, under 
reduced pressure, using a Büchi Kugel oven. Boiling points are 
uncorrected.

Mass spectra were recorded by Mr. C. Whitehead using a Kratos MS 30 
mass spectrcmeter (connected to a DS-50-S data system) operated at 70 eV. 
Ihe molecular ion is given in each case.

Elemental analyses w e re performed by Mr. P. Herrming using a Carlo 
Erba Model 1106 Elemental Analyser.

Gas liquid chrcmatography was carried out using a Perkin-Elmer Sigma 3 
gas chrcmatogram, equipped with a flame ionisation detector, vhich gave 
a linear response over the vhole range of concentrations used. Products 
were confirmed by comparison of their retention times with those of
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authentic material and also by peak enhancement. Quantitative estimation 
of the products was carried out by comparing the area of the elution peak 
for the product, with that for an authentic sample of the product in 
solutions of known concentrations. Each evaluation was determined frcm 
the mean of at least four injections and in all cases the peak areas 
were reproducible to within ±2%. Pent-l-ene was determined using a 
Perkin-Elmer 5% SE 30 column at 30 °C. Hexaldehyde and hexanol vere 
determined using a Perkin-Elmer 10% SE 30 column at 70° and 60°C 
respectively. In each case the supporting material was Ghrcmosorb W 
60-80 mesh and the column dimensions v^e 8' x J".

4.2 REAGENTS AND STARTING MATERIALS

The reagents and starting materials used in the experiments described 
herein vere obtained frcm the following manufacturers and used as 
supplied unless otherwise stated.

Aldrich Chemical Co. Ltd.
Acetaldehyde (99%)
Acetonitrile (Gold Label - spectrcphotcmetric grade)
Alloxazine
Benzene (Gold Label - spectrcphotcmetric grade)
Biphenyl (recrystallised frcm acetonitrile prior to use)
9 -Cyanoanthracene 
Cyclohexa-1,3-diene (99%)
2,3-Dichloro-5,6-dicyano-1,4-benzoquincne (98%) 
a,a-Dichlorcmethyl methyl ether (97%)
Dimethylformamide (99%)
2,6 -Dime thy Inaphthalene
Ethylenediaminetetraacetic acid [EDTA] (99%)
Ethyl pyruvate (98%) 
n-Hexane (99+%)
1-Hexene (99%) 
a-Keto-butyric acid (99%) 
a-Keto-glutaric acid (99%)
Lithium aluminium deuteride (98% D)
9-Methylanthracene (99%) 
jyfethylglyoxal (40% aqueous solution)
Methyl pyruvate (94%)
f̂ethyl viologen hydrate 
9 -Nitroanthracene (97%)
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Aldrich Chemical Co. Ltd. (continued)
Pyrene
P y ru v ic  acid (95%)
Quinoline (95%)
Triethylamine (99%)

James Borrouoh Ltd.
Ethanol (Absolute)

B.D.H. Chemicals Ltd.
Anmonia (0.88 AnalaR)
Barium hydroxide (97%)
Benzyl alcohol (98%) 
t-Butanol (AnalaR)
Calcium hydride (99.5%)
Dimethylsulphoxide (98%)
n-Hexanol (distilled over calcium hydride prior to use) 
Isoprcpanol (AnalaR)
Nfethylene Blue (metal-free)
2 -Methy Inaphthalene
Molecular sieve: lype 3A and Type 4A (self-indicating)
Naphthalene
Phenanthrene (95%)
Potassium chrcmate (99%)
Potassium hydroxide pellets
Pyridine (distilled and stored over potassium hydroxide pellets 
prior to use)

Ihodamine B 
Riboflavin 
Rose Bengal

B.O.C. Ltd.
Air (20% oxygen content)
Argon (Research grade <0.0001% oxygen content)
Fluorine (2% in helium)
Helium (Research grade)
Nitrogen - oxygen free (<0.001% oxygen content)
Nitrogen - canmercial grade (<0.5% oxygen content)
Oxygen (Research grade)
Xenon (Research grade)

Cambrian Chemical Co. Ltd.
Acetonitrile (AnalaR)

Eastman-Kodak Co. Ltd.
Acridine
9,10-Dicyanoanthracene 
Rose Bengal

Ralph N. Bnanuel
Benzoylformic acid [phenylglyoxylic acid] (97%)
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Ralph N. Qnanuel (continued)
1 -Cyanonaphthalene
2.3-DimethyInaphthalene (99%)
^^cene
Tetracyanoethylene

Fisons Chemical Co. Ltd.
Acetone (AnalaR)
Benzene (AnalaR)
Carbon tetrachloride (AnalaR)
Chloroform (AnalaR)
Ethyl acetate (AnalaR) 
î^drochloric acid (1.18 Sp. Gr.)
Magnesium sulphate (dried)
Methanol (AnalaR)
Sulphuric acid (98%)

Fluka Chemical Co. Ltd.
a-Keto-valeric acid (99%)

Goss Scientific Instruments Ltd.
Acetonitrile-ds (99% D)
Benzene-de (99.6% D)
Chloroform-d (99.8% D)
Deuterium oxide (99.8% D)
Tetramethy Isilane

Hopkin & Williams Chemical Co. Ltd.
Glutaric acid

Koch-Light Chemicals Ltd.
t-Buty lamine 
Hexaldehyde (pure) 
a-Keto-pimelic acid (pure)
Pent-l-ene (pure)
Phenazine
Pimelic acid (pure)

May & Baker Chemical Co. Ltd. 
n-Butanol
Diethyl ether (dried and stored over sodium wire] 
Dioxan
Petroleum ether (40-60°)
Sodium nitrate

Oxford Organic Chemical Co. Ltd.
1.3-Diphenylisobenzofuran (DPBF)

Ihe Radiochemical Centre, Amersham
[l-̂ '̂ C]-pyruvic acid, sodium salt 
[2-̂ '̂ C] -pyruvic acid, sodium salt
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Sigma Chemical Co. Ltd.
Erythosin B
a-Keto-octanoic acid (99%)
Phenylpyruvic acid

Ihe author gratefully acknowledges the following individuals for 
providing the materials stated below:-

Dr. H. A. J. earless:- Per-acetic acid (6% in glacial acetic acid) 
Dr. S. Matlin:- Nitrosanethyl urea
Miss J. E. Pratt:- 2- ( 1-naphthyl)ethanol and 2-(2-naphthyl)ethanol
Mrs. M. Szpek:- 3,3-Dimethyl-2-keto-butyric acid and tetr^)her^l- 

porphyrin.

4.3 PREPARAITOJ OF MATERIALS
4.3.1 PREPARATION OF CK-KEIQ-CARBOXYLIC ESTERS
4.3. l(i) PREPARATION OF PYRUVOYL CHLORIDE

The acid chloride of pyruvic acid was prepared using the method 
described by Ottenheijm and De Man^ as outlined in Equation 4.1 (where 
R= Œ 3-).

RCOCOCH + CI2CHOCH3 RCOCOCl + HCOOŒ3 + HCl (4.1)

a,a-Dichloranethyl methyl ether (0.06 mole) was added dropwise, with
stirring, to pyruvic acid (0.06 mole) under nitrogen at room temperature,
with the evolution of hydrogen chloride gas. Ihe mixture was heated at
an oil bath temperature of 50°C for 30 minutes. Ihe formation of
pyruvoyl chloride was confirmed by n.m.r. spectroscopy and no further
purification was undertaken. [It was not necessary to distill the
pyruvoyl chloride provided 2 equivalents of pyridine were used in the

2estérification step. ] A yield of 54% (~0.03 mole) was assumed as 
obtained previously.^

4.3.KÜ) PREPARATION OF a-KETQ-QCTANOYL CHLORIDE
Ihis coirpound was prepared by the method given in 4.3.1 (i) above
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using a-keto-octanoic acid (R= CH3 (012)5- in Equation 4.1) in place of 
pyruvic acid.

4.3.1 (iii) PREPARATION OF BENZQYLFORMYL CHLORIDE
Hiis canpound was prepared by the method given in 4.3.1 (i) above 

using benzqylformic acid (R = CeH5- in Equation 4.1) in place of pyruvic 
acid.

4.3. Kiv) GENERAL METHOD FOR THE PREPARATION OF Ct-KETO-CARBOXYLIC 
ESTERS

Ihe a-keto-carboylic esters vere prepared using the method described 
2by Binkley as outlined by Equation 4.2 below.

RCOCOCl + R'OH RCOCOOR' (4.2)

R* = (CH2)zCH- = Isoprcpyl pyruvate
R' = (CH2)zCD- = 2-Deuterioiscpropyl pyruvate
R'=C6HsCH2- = Benzyl pyruvate 
R' =CH3 (CH2) 3- = n-Butyl pyruvate
R' = (CH3) 3C- = t-Butyl pyruvate
R' =CH3 (CH2)s- = n-Hexyl pyruvate
R' =CH3CH2- = Ethylbenzqylformate

CH2CH2-

where:-
(a) R = CH3-
(b) R = CH3-
(c) R = CH3“
(d) R=CH3-
(e) R = CH3-
(f) R = CH3-
(g) R=CeH5-

(h) R = CH3- ; R' = = 2- ( 1 -Naphthyl)ethyl pyruvate
CH2CH2-

(i) R = CH3- ; R' = = 2-(2-Naphthyl) ethyl pyruvate
CH2CH2-

( j )  R =  CH3 (CH2) 5" ; “  I ç s j I s J  ~  2 - ( 2 -Naphthyl ) ethyl octanoate,

Ihe alcohol to be esterified (0.03 mole) and dry pyridine (0.06 mole) 
were dissolved in anhydrous benzene solution (100 ml) . Ihe appropriate 
acid chloride (0.03 mole) in anhydrous benzene solution (50 ml) was added 
dropwise with stirring, under nitrogen. Precipitation of pyridinium
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hydrochloride was irrmediate. The reaction was cooled in an ice bath to 
keep the teirperature below 10°C. When addition of the acid chloride was 
carplete the mixture was allowed to reach rocm tenperature and stirring 
continued for a further 30 minutes. The pyridinium hydrochloride was 
removed by filtration and the benzene solution distilled in vacuo to 
yield the a-keto-carboxylic ester contaminated with pyridinium hydro
chloride. The contaminant was removed by shaking the mixture in carbon 
tetrachloride solution (50 ml), allowing it to stand overnight and then 
filtering off the insoluble material. The carbon tetrachloride solution 
was removed in vacuo leaving the uncontaminated a-keto-carboxylic ester, 
which after further purification by recrystallisation, or in the case of 
an oil by distillation under reduced pressure, was obtained in >70% 
yield in each case. The spectral and physical data obtained for each 
a-keto-carboxylic ester is given below.

(a) Isopropvl pyruvate
B.pt. 58-60°C, 15 mm. (Lit. 62-64°C, 17mm.^)
Nmr. (CDCI3) 6=5.4 (m, IH) ; 2.46 (s, 3H) ; 1.34 (d, 6H) .
IR. (Neat film): 2980,-2930, 1725, 1460, 1420, 1375, 1360,

1300, 1270, 1180, 1145, 1100, 1020, 980, 910,
855, 810, 750, 720, 710 cm"^

(b) 2-Deuterioisopropvl pyruvate
B.pt. 52-53°C, 15 mm. (Lit. 61-62°C, 22 mm.^)
ISfcnr. (CDCI3) 6=2.52 (s, 3H) ; 1.38 (s, 6H).
IR. (Neat film): 2980, 2940, 1780, 1740, 1450, 1370, 1280,

1230, 1180, 1120, 1000, 975, 945, 900,
800, 750 cm"^

(c) Benzyl pyruvate
B.pt. 110-112°C, 16 mm.
Nmr. (CDCI3) 6=7.26 (s,5H); 5.18 (s, 2H) ; 2.4 (s, 3H).
IR. (Neat film): 3040, 1730, 1500, 1455, 1420, 1360,

1295, 1265, 1135, 985, 910, 755, 700 cm'^
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(d) n-Butvl pyruvate 
B.pt. 85-87°C, 26 mm.
IShir. (CDCI3) 6 =4.2 (t, 2H) ; 2.41 (s, 3H); 1.28 (m, 7H).
IR. (Neat film): 2960, 2870, 1775, 1730, 1655, 1460, 1380,

1250, 1130, 940, 840, 750 on’^

(e) t-Butvl pyruvate
B.pt. 45-46°C, 24 mm. (Lit. @ 35°C, 12 mm.^)
IShir. (CDCI3) 6 =2.46 (s, 3H); 1.56 (s, 9H).
IR. (Neat film): 1725, 1370, 1315, 1285, 1260, 1135, 975,

835, 745 an“^

(f) n-Hexyl pyruvate 
B.pt. 104-106°C, 23 irni.
Mur. (CDCI3) 6 =4.15 (t, 2H) ; 2.4 (s, 3H) ; 1.1 (m, IIH).
IR. (Neat film): 2960, 2920, 2860, 1730, 1470, 1420, 1360,

1300, 1140, 990, 895, 720 cm'^

(g) Ethvlbenzoylformate (Ethyl phenvlglvoxylate)
B.pt. 138-140°C, 30 mm. (Lit. 75°C, 1 mm.^)
mr. (CDCI3) 6 =7.76 (m, 2H); 7.3 (m, 3H) ; 4.32 (q, 2H) ; 1.38 (t, 3H).
IR. (Neat film): 1720, 1675, 1580, 1440, 1295, 1190, 1000, 680 cm"^

(h) 2-(1-Naphthyl) ethyl pyruvate
White crystals [petroleum ether (40-60°)/ethyl acetate]
M.pt. 50-52°C.
m r . (CDCI3) 6 =8.72 (m, IH); 8.44 (m, 2H) ; 8.04 (m, 4H) ; 4.99 (t, 2H) ;

3.81 (t, 2H); 2.64 (s, 3H) .
IR. (Nujol): 1745, 1730, 1295, 1258, 1135, 950, 800, 760 cm"^
CisHiif03 requires C, 74.36; H, 5.82: found C, 73.79; H, 5.75.
Mass spectrum: m/e 242 (m“̂).

(i) 2-(2-Naphthyl)ethyl pyruvate
White crystals [petroleum ether (40-60°)/ethyl acetate]
M.pt. 82-83°C.
Mnr. (CDCI3) 6 =8.29 (m, 4H) ; 7.94 (m, 3H) ; 4.9 (t, 2H) ; 2.95 (t, 2H) ;

2.61 (s, 3H).
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IR. (Nujol): 1735, 1270, 1150, 960, 827, 752
C15H14O3 requires C, 74.36; H, 5.82; found C, 74.54; H, 5.78.
Mass spectrum: m/e 242 (m‘*‘).

(j) 2-(2-Naphthyl)ethyl octanoate 
Waxy solid M.pt. @ 35°C.
Nmr. (CDCI3 ) 6 =7.84 (m, 4H); 7.49 (m, 3H) ; 4.63 (t, 2H) ;

3.29 (t, 2H); 2.8 (t, 2H) ; 1.34 (m, 8H) ; 0.91 (m, 3H). 
IR. (Nujol): 1724, 1270, 1124, 1078, 948, 862, 790 an"^.
C20H24O3 requires C, 76.92; H, 7.69: found C, 74.16; H, 7.8.
Mass spectrum: m/e 312 (m‘‘‘).

4.3.1 (v) PREPARATION OF METEîYL-a-KETO-OCIANOATE 
a-Keto-octanoic acid (Ig) was dissolved in a solution of dry ether

(3 ml) and cooled in ice. An ethereal solution of diazanethane was 
added slowly dropwise with stirring until gas evolution ceased and the 
reaction mixture acquired a pale yellow colour. The solvent was removed
in vacuo leaving a pale yellow coloured oil Wiich gave a colourless oil,
upon distillation under reduced pressure, in excess of 75% yield.

B.pt. 58-60°C, 12 irm.
Mnr. (CDCI3 ) 6 =3.96 (s, 3H) ; 2.9 (t, 2H) ; 1.36 (m, 8H) ;

0.92 (t, 3H).
IR. (Neat film): 2950, 2920, 2855, 1730, 1460, 1435, 1400,

1264, 1122, 1064, 725 cm"\
C9H16O3 requires C, 62.78; H, 9.36: found C, 62.75; H, 9.48.

4.3.2 PREPARATION OF 2-DEUTERIOISOPROPANOL
42-Deuterioisopropanol was prepared as previously described.

Lithium aluminium deuteride (Ig) was carefully added to a solution of 
dry ether (100 ml) cooled in ice. Acetone (AnalaR, 8 ml) was slowly 
added dropwise, with stirring under nitrogen, over a period of 1 hour and 
the mixture allowed to reflux overnight. After cooling, distilled water 
was added slowly and the precipitated alumina removed by filtration. The
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ethereal solution was dried over magnesium sulphate, filtered and 
distilled using a fractionating column. The first fraction (ether) 
was discarded and the second fraction collected yielding the product,
2-deuterioisopropanol, in >35% yield.

B.pt. 80-82°C. (Lit. 80-82°c'̂ ).
Nmr. (CD C I3 ) 6  =2.32 (s, IH) ; 1.24 (s, 6H). [The addition of 
deuterium oxide removed the signal due to the exchangeable -OH 
proton at 2.32 6 .]

The 2-deuterioisopropanol obtained by the above method was used in the 
estérification process [4.3.1(iv)] to prepare 2-deuterioisopropyl 
pyruvate.

4.3.3 PREPARATION OF DIAZCMETHANE
Diazanethane was prepared as previously described.^
Potassium hydroxide (4.8g) was dissolved in distilled water (9.7 ml) 

and added to a solution of ether (35 ml) cooled in ice. Nitrosanethyl 
urea (3g) was added to the reaction mixture slowly over a period of 1 
hour, stirring continuously. The mixture was stirred for a further 5 
minutes, vAiereupon it was decanted and left to stand over potassium 
hydroxide pellets for 15 minutes. The diazanethane solution was again 
decanted and left to stand over potassium hydroxide pellets for a further 
1 hour before being used in the estérification of a-keto-octanoic acid 
[4.3.1(iv)].

4.4 PHOTOCHEMICAL REACTORS
All of the photolyses reported in this thesis were performed using 

one or other of the photochemical reactors described below.

(a) ULTRA-VIOLET REACTOR
This reactor consisted of a circular array of fluorescent lanps having
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a maximum emission at 350 nm (16 xgW, Sylvania F8T5/BLB). The reactor 
was also equipped with a tube holder (capacity 8 tubes) vdiich was 
rotated during all irradiations.

The above reactor was used in all of the photochemical reactions 
reported in Chapters 2.3, 2.4, 2.5, 3.3, 3.4, 3.5 and 3.7 respectively.

(b) DAYLIGHT REACTOR
This reactor consisted of a circular array of fluorescent daylight 

lairps (8 x20W, Cryselco). The reactor was also equipped with a tube 
holder (capacity 4 tubes) vdiich held each photolysis tube in place, 
immersed in a filter solution, during the irradiation.

The above reactor was used in all of the photochemical reactions 
reported in Chapters 2.6 and 3.6 respectively.

4.5 GAS FLUSHING AND GENERAL IRRADIATION PROCEDURES
Each gas used, to purge the prepared solutions, was first passed 

through a Dreschel bottle containing saturated barium hydroxide 
(0 100 ml) and then through a cylindrical glass tube (Im x2.5 cm) con
taining activated molecular sieves Type 3A and Type 4A (self-indicating). 
In this way a stream of dry carbon dioxide-free gas, for example argon, 
oxygen, etc., was obtained.

The reaction mixtures to be irradiated (25 ml), prepared as per the 
Figures and Tables in Chapters 2 and 3, were flushed with the appropriate 
dry carbon dioxide-free gas for 45 minutes in Pyrex photolysis tubes 
which were then stoppered. The tubes were then irradiated using the 
appropriate photochonical reactor. After irradiation the yields of 
carbon dioxide were determined as described in 4.6. In seme cases 
duplicate reaction mixtures were analysed for additional products, for 
example pent-l-ene, hexaldehyde or n-hexanol as described in 4.7.
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In seme instances the Pyrex photolysis tubes containing the reaction 
mixtures were not stoppered but the gas allowed to continually flush 
through the solution during irradiation. The carbon dioxide produced 
throughout each irradiation was trapped by passing the exit gases through 
two Dreschel bottles in series, each containing a saturated solution of 
aqueous barium hydroxide (@ 100 ml) and the yield determined as described 
in 4.6. In each case the gas was allowed to purge the reaction mixture 
for 30 minutes prior to carmencement of irradiation and for 1 hour after 
irradiation, to remove any residual carbon dioxide trapped in solution, 
at a gas flow rate of lOml/min.

The results obtained frcm the experiments performed by continual 
flushing during irradiation are reported in Tables 2.28, 2.31-2.33,
3.17, 3.18 and 3.20 where 45 ml solutions were used and in Table 2.29 
where 10 ml solutions were used respectively.

4.6 DETERMINATION OF CARBON DIOXIDE VT-FTnc;
The various methods for determining the yield of carbon dioxide 

produced in a photochemical reaction have been reviewed.® A gravimetric 
method, for the determination of carbon dioxide, was utilised in the 
wcrk presented in this thesis and has previously been shown to give 
yields which are reproducible to within ±2%. The general method is 
given below.

After irradiation the yield of carbon dioxide produced in the reaction 
was determined by the weight of barium carbonate precipitated by slowly 
flushing each reaction mixture with a stream of dry carbon dioxide-free 
argon, nitrogen or oxygen (as appropriate) for 2 hours. The exit gases 
were passed through tw o Dreschel bottles in series, each containing a 
saturated solution of aqueous barium hydroxide (@ 100 ml). The barium
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carbonate precipitate was quickly filtered off through a pre-weighed 
sintered glass crucible and washed thoroughly with distilled water.
The crucible was then dried in an oven at 100°C, to constant weight, 
thus affording the yield of carbon dioxide. Care was taken to use an 
identical procedure for each reaction and to handle the crucible only 
with tweezers throughout the analysis. After use each crucible was 
washed repeatedly with dilute hydrochloric acid and distilled water in 
order to remove the barium carbonate before re-using for other determina
tions.

The yields of carbon dioxide reported were calculated on the basis of 
one mole of carbon dioxide being generated per mole of a-keto-carboxylic 
acid or ester initially present.

The carbon dioxide frcm the reaction mixtures which were continually 
flushed throughout the irradiation was analysed as above after each 
photolysis tube had been purged, for a further 1 hour at the end of 
irradiation, to ensure that all of the carbon dioxide was ranoved from 
the photolysis solution.

The carbon dioxide produced in the reactions of the labelled 
pyruvic acids was determined by flushing each solution, after irradiation, 
for 2 hours with the appropriate gas and passing the exit gases through 
two Dreschel bottles containing potassium hydroxide (0.1 M, 0 100ml).
The *̂*0-labelled carbon dioxide produced in each case was assessed by 
assaying each potassium hydroxide solution (0.2 ml diluted to 1 ml with 
distilled water) in a toluene-Triton X-lOO scintillant (4 ml) and the 
results reported in Table 2.20.

4.7 DETERMINATION OF PENT-l-ENE. HEXALDEHYDE AND n-HEXANOL
Where it was necessary to determine the yield of pent-l-ene, hexalde

hyde or n-hexanol as photolysis products frcm a reaction mixture.
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solutions (25 ml) separate to those used in the corresponding carbon 
dioxide determinations were prepared. In each case the solutions were 
subjected to g.l.c. analysis before and after being irradiated in 
stoppered Pyrex tubes. In this way the yields of the above products 
were determined as described in 4.1 and reported in Tables 2.23, 3.8,
3.13, 3.19, 3.21 and 3.22 respectively.

4.8 ANALYSIS OF PHOTOLYSES OF *̂*C-IARKr.T.Fn PYRUVIC ACIDS
The liquid scintillation counting reported in Table 2.20 was kindly 

performed by Dr. G. Tumock, Department of Biochemistry, University of 
Leicester. The reaction mixtures were prepared as described below.

The ^̂ *0-labelled pyruvic acid sodium salt was dissolved in distilled 
water (0.1 ml) and acetonitrile solution (0.9 ml) added. The acetonitrile/ 
water solution of labelled pyruvic acid (0.2 ml) was added to an 
acetonitrile solution of pyruvic acid (10“  ̂M, 55 ml) and left to 
equilibrate for 1 hour. A sairple of the solution (5 ml) was withdrawn 
and set aside for assay by liquid scintillation counting in order to 
obtain an initial level of label prior to irradiation. The remaining 
stock solution (50 ml) was divided into two equal portions and placed in 
separate Pyrex photolysis tubes, one tube being purged with a stream of 
dry carbon dioxide and oxygen-free nitrogen and the other with a stream 
of dry carbon dioxide-free oxygen for 45 minutes and stoppered. After 
irradiation each tube was flushed with the appropriate gas to remove the 
labelled carbon dioxide produced in the reaction, which was assayed as 
described in 4.6. After ronoval of carbon dioxide a sanple of each of 
the reaction mixtures was extracted (0.01 ml), added to distilled water 
(1 ml) and assayed in a toluene-based scintillant (4 ml). The results 
of each assay are reported in Table 2.20.
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4.9 ANALYSIS OF PHOTOLYSES BY N.M.R. SPECTROSCOPY
N.m.r. tubes containing the appropriate a-keto-carboxylic acid or 

ester solution (0.5 ml) and tetramethylsilane as internal standard, were . 
degassed with a stream of dry carbon dioxide-free argon for 1 minute and 
stoppered. Quenching experiments were performed by the addition of 
varying amounts of naphthalene to the prepared solutions prior to 
degassing. 100 MEiz Ĥ n.m.r. spectra were recorded prior to and after 
irradiation. The amount of a-keto-carboxylic acid or ester remaining 
(and in the case of the alkyl pyruvates the yield of carbonyl catpound 
formed) were evaluated by reference to the ratio of peak heights of the 
pyruvate methyl singlet (or the methyl ester singlet with reference to 
methyl-a-keto-octanoate) and the residual proton peaks of the deuterated 
acetonitrile and deuterated benzene solutions in each case. In this way 
the disappearance of the a-keto-carboxylic acid or ester and the 
appearance of photoproducts was determined and the results reported in 
Figures 2.5, 3.1-3.9 and 3.24 and Tables 3.3-3.5 respectively.

4.10 IRRADIATION IN THE PRESENCE OF METHYL VIOLOGEN
The a-keto-carboxylic acid or ester solutions (3 ml) were prepared 

as reported in Figures 2.1 and 3.18-3.21 and degassed in quartz cuvettes 
with a stream of dry carbon dioxide-free argon for 4 minutes. The 
absorption spectrum was recorded prior to and after illumination in each 
case. The formation of the blue coloured species reduced methyl viologen 
(identified by its characteristic absorption spectrum) was observed and 
the results reported in Figures 2.1 and 3.18-3.21 respectively.

4.11 RATE OF PHOTO-OXYGENATION OF a-KETO-CARBOXYLIC ACIDS MONITORED 
BY PQLAROGRAPHY

The polarographic measurements were kindly performed by Mss H.
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Kinghom, Department of Biochemistry, University of Leicester. The 
reaction mixtures were prepared as described below.

The solutions containing the appropriate dye and a-keto-carboxylic 
acid (10.5 ml) were prepared as in Table 2.29. A sample (0.5 ml) was 
extracted for polarographic analysis prior to photolysis and the 
remaining reaction mixture (10 ml) irradiated through a potassium chrcmate 
filter (2% aqueous) solution, continually flushing each solution with a 
stream of dry carbon dioxide-free oxygen. Samples (0.5 ml) were extracted 
for polarographic analysis at 30, 60, 120 and 180 minute time intervals 
throughout the irradiation. Each extracted sanple was diluted 10 times 
with a 20 nM Tris buffer/10 mM magnesium chloride solution (1:1 ̂ )  
prior to polarographic analysis. In each case the height of the observed 
peak was measured and caipared to the initial peak height of the sanple 
prior to irradiation. In this way the amount of a-keto-carboxylic acid 
remaining and hence the rate of photo-oxygenation was evaluated and the 
results reported in Table 2.29. Each of the reported results are the 
mean of four determinations all of which were subjected to a least 
squares analysis.

4.12 EFFECT OF QUENCHERS UPON THE RATE OF PHOTODECQMPOSITION OF 
g-KETO-CARBOXYLIC ACIDS

In each of the Stern-Volmer quenching experiments (Figures 2.6-2.10) 
reported in Chapter 2.4, in addition to the carbon dioxide determinations, 
the absorption of the a-keto-carboxylic acid at 350 nm was recorded prior 
to, and upon cessation of, illumination. From the values obtained for 
each solution (3 ml), the effect of added quencher upon the rate of a- 
keto-carboxylic acid photodecarposition was evaluated and the results 
reported in Table 2.15.
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4.13 RECORDING OF FLUORESCENCE SPECTRA AND FLUORESCENCE QUENCHING 
EXPERIMENTS

Dilute solutions (3 ml) of the canpounds under test were made up to 
have an optical density of 0.1 at the excitation wavelength used for 
each canpound. This was achieved by diluting a more concentrated 
solution of the fluorescing caipound in each case. The excitation 
wavelengths used for each of the caipounds investigated are given in 
Table 4.1.

TABLE 4.1

Fluorescing canpound Xex (nm)
1 -Cyanonaphthalene 315
2,6-Dimethy Inaphthalene 295
9 -Cyanoanthracene 415
9 -Methy lanthracene 390
Acridine 392

Fluorescence spectra were recorded in stoppered quartz spectrofluori- 
meter cells after initial degassing with a stream of dry carbon dioxide- 
free argon for 3 minutes. Fluorescence quenching experiments were 
performed by the addition of varying amounts of the quencher to a 
solution of the fluorescing carpound and the Stem-Volmer quenching 
constants obtained in each case are reported in Table 2.14.

The fluorescence spectra of the acridinium ion produced by the 
addition of varying amounts of pyruvic acid or dilute hydrochloric acid 
to acetonitrile solutions of acridine are shown in Figures 2.11 and 2.12 
respectively.

All the solvents used were checked to ensure that they did not 
fluoresce when irradiated under the same conditions as those used for 
recording each fluorescence spectra.
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4.14 LASER FLASH PHOTOLYSIS EXPERIMENTE
(a) RATE CONSTANTS FOR REACTION OF g-KETO-CARBOXYLIC ACIDS WITH

.qTTsnrÆT oxygen and methylene blue 
These measurements were made in conjunction with Dr. G. Smith at The 

Royal Institution of Great Britain, London, using the following method.
The rates of reaction of the a-keto-carboxylic acids with the triplet 

state of Methylene Blue and with singlet oxygen in air-saturated 
methanol solutions (5 ml) were determined by laser flash photolysis 
using 15 ns, 1 J pulses frcm a Q-switched ruby laser operating at 694 nm.

The reactions of the a-keto-carboxylic acids with the triplet state 
of Methylene Blue were studied by flashing solutions of different 
concentrations of each acid (generally > 5 x lO"̂  M) in the presence of 
Methylene Blue, (5 x 10“® M) . The change in absorption at 420 nm 
resulting frcm the laser flash was followed and the rate of reaction

7determined using the procedure described by Kayser and Young.
The reactions of singlet oxygen with the a-keto-carboxylic acids were 

studied by flashing solutions of Methylene Blue (5 x 10“  ̂M) in order to 
generate singlet oxygen and by following the bleaching of 1,3-diphenyl- 
isobenzofuran (DPBF, 2 x io“  ̂M) at 410 nm. The rate of reaction was

gdetermined in the way described by Nilsson and co-workers. Care was 
taken in these latter experiments to keep the concentration of the a-keto- 
carboxylic acid low enough (generally < 5 x iO“  ̂M) to avoid modification 
of the observed bleaching of DPBF resulting frcm carpeting reaction 
between the a-keto-carboxylic acid and the triplet state of Methylene 
Blue. The rate constants determined by the above procedures are reported 
in Table 2.30.

(b) TRANSIENT ABSORPTION MEASURTMENTS
The transient absorption measurements reported in Chapters 2.3 and 3.7
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were made in conjunction with Dr. Ph. Fornier de Violet at the University 
of Bordeaux, France, using the procedure outlined below.

Transient absorption measurements of the appropriate solutions were 
made with a laser flash photolysis system. A Q-switched neodynium 
laser (Quantel Instruments) operating in the third harmonic was used as 
the excitation source. The light pulses produced by this system are of 
~3 ns duration and ~8mJ. Details of the detection system have previously

gbeen described. The results obtained frcm these measurements are 
reported in Figures 2.2-2.4, 3.25 and 3.26 respectively.

(c) TRIPLET LIFETIMES OF ALKYL PYRUVATES
These measurements were made at The City University, London, by the 

following procedure.
Acetonitrile solutions of the appropriate alkyl pyruvate (3 ml) were 

made up to have an optical density of 1.0 at 353 nm and degassed by 
three successive freeze-pump-thaw-shake cycles. Triplet lifetimes were 
measured using nanosecond laser flash photolysis. An excimer laser 
(Oxford Instruments) emitting light at an excitation wavelength of 353 nm 
frcm a Xe-F gas mixture in helium was the light source. The light pulses 
produced by this system are of ~23 ns duration and ~ 114 ml. A conven
tional pulsed-Xenon arc lamp detection system with a Hamamatsu (Type 
R 928 ) photcmultiplier tube was used. The observed transients are 
reported in Figure 3.10 and were found to decay with first order decay 
kinetics (Figures 3.11-3.16). The triplet lifetimes and rate constants 
evaluated by this method are reported in Table 3.6.
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PHOTO-OXYGENATION OF a-KETD-CAP30XYLIC ACIDS AND RELATED ŒMP0UND6
Dean Goodwin

A B S T R A C T

Basic photochonistry, the photoreactions of carbonyl coirpounds and the 
mechanisms involved in photo-oxygenation reactions are surveyed. The 
photochemical reactions of a-keto-acids and esters are reviewed.
Fran photophysical and decarboxylation studies of a-keto-acids and 
esters in degassed solution, the direct photo induced decarboxylation 
reaction is shewn to occur via a bimolecular electron transfer reaction 
as opposed to a Norrish Type I fragmentation. Ihe addition of triplet 
quenchers enhances the decarboxylation reaction via a mechanism 
suggested to involve radical processes. Ihe proposed mechanisms are 
substantiated by using electron acceptors to sensitize decarboxylation.
Ihe finding that t-butyl pyruvate is photostable in degassed solution 
and has a much longer lifetime than other alkyl pyruvates, together 
with triplet quenching studies, shows that alkyl pyruvates fragment 
fran the triplet state via a Norrish Type II process.
Fran photcphysical, quenching and product studies in degassed solution, 
the Norrish Type II reaction of long chain a-keto-acids and esters 
occurs from the excited singlet state.
a-Keto-acids and esters undetgo direct fhoto-oxcLdative decarboxylation, 
leading to higher yields^of carbon dioxd.dê than-under degassed condi
tions. Decarboxylation of pyruvic acid occurs fran both the C-1 and 
C-2 positions. Singlet oxygen does not appear to be involved and a 
mechanism mediated via electron transfer, with per-acid intermediates, 
is postulated. In accord with the proposed mechanism, the decarboxyla
tion can be .sensitized by electron acc^tors.
Ihe dye-sensitized photo-oxygenation of a-keto-acids and esters 
proceeds via a mechanism involving dye-acid/ester interaction rather 
than a singlet oxygen mediated process. Kinetic studies and solvent 
isotope effects lend credence to the proposed mechanian.
The reported results confirm that photochemical a-cleavage of the bond 
linking the carbonyl groijçxs in 1,2-dicarbonyl compounds is an unfavourable 
process.


