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SELECTED ASPECTS OF PHOTOCHEMISTRY AND PHOTOCHEMICAL REACTTONS

Preface

Photochemistry, the study of light mediated chemical processes,
encompasses 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 which led to the existence of life on earth,
and it is this process on which all life ultimately depends.

With man's continual consumption of vast quantities of raw materials
as sources of energy, we are rapidly exhausting the reserves of these
raw materials at rates which Nature cannot replenish in the short term.
As a consequence, we are looking to new areas which will supply man's
energy needs in the future. One of these areas, which 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 same of our energy require-
ments.

There has been a rapid and extensive expansion of the study of
photochemical 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. ILet us hope that
similar innovations in photochemical research continue, which 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 same of the basic
principles of photochemistry. This thesis concerns the photochemical
reactions, in particular photo-oxidation, of a-keto-carboxylic acids and

their ester derivatives, same of which are naturally occurring 1,2-di-



ketones. Therefore, the photochemistry of carbonyl, and some a-dicarbonyl,
campounds is briefly surveyed in the second section, whilst the final

section of this chapter deals with photo-oxidation processes.



1.1 GENERAL ASPECTS OF PHOTOCHEMISTRY

Numerous textbooks have covered the subject of phbtochemistry in great
detail, for example the publications by Calvert and Pitts, 1 Barltrop and
Coyle,2 Cowan and Drisko,3 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) ELECTRONIC TRANSITIONS IN ORGANTC MOTECULES

When an organic molecule absorbs a photon of light, an electron is

pramoted 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
o~+o*, n>o*, m>71* and n~+>7*, depending upon the energy of the photon
absorbed and the class of campound irradiated. As depicted in Figure 1.1,
the transitions ¢ -+o0* and n+0* require the greatest amount of energy and
are associated with wavelengths in the far-ultraviolet region of the
electramagnetic spectrum (A <200 nm) and as such are of limited
significance in organic photochemistry. The m-7* and n-+>7* transitions
(Figure 1.1), requiring less energy, occur in easily accessible regions
of the electramagnetic spectrum () >200 nm) and are responsible for the
majority of organic photochemical reactions. With reference to carbonyl
campounds the n+1* transition is favoured energetically over the w +7*
transition and for this reason n,m* singlet and triplet states are
important in the majority of photochemical reactions of carbonyl

canpounds. 5



A A
*
A T A
n
T
Energy
a
Transition og—o* n—o" T—71* n—or*
Excited state formed g.0* no"  m7* n,7*
FIGURE 1.1

The electronic excitation processes in organic molecules

(where n =non-bonding orbital; o and 7= bonding orbitals;
o* and m* =anti-bonding orbitals)

1.1 (ii) PHOTOPHYSICAL PROCESSES CF THE EXCITED STATE

Most organic molecules have ground states in which both the electrons
are spin paired and are designated as singlet (Sp) states. Upon absorp-
tion of a photon, an electron is promoted to a higher energy level of the
same multiplicity, for example, S;, S; or Sp where n denotes the n't level
of the singlet state. The energy level to which the electron is initially
pramoted 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 fram 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, whereby the electron undergoes a

radiationless passage fram the lowest vibrational level of an upper



electronic state to a higher vibrational level of a lower excited state,
via this iso-energetic process, for example S, +S;.
Upon reaching the lowest vibrational level of the S; state, a number
of processes can occur. The molecule may:-
(@) undergo internal conversion and vibrational cascade to the
ground state (So), losing energy to the surroundings as
heat.
(b) spontaneocusly emit a photon of light and return to its
ground state (Sy) by a rapid (~107° 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 (T,) by vibrational cascade
and internal conversion. The molecule can then undergo similar processes
fram the triplet state (T;) as those described for the singlet state (S;)
above. For example, radiationless conversion to the ground state (S,)
and/or intra- or bimolecular chemical reactions can occur. A quantum of
light may be emitted in relaxation to the ground state (Sp), in a
relatively slow (1073 -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 camparison to singlet states and have longer lifetimes.



Although chemical reaction can occur fram both the singlet and triplet
states, as a consequence of the differences in the excited state life-
times, chemical reactions more cammonly proceed fram 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 Jablonski6 as shown in Figure 1.2.

Sn

(XXX XN

— 1C ISC

s ==~ — s
o)

FIGURE 1.2

Modified Jablonski diagram showing same of the radiative

( —= hvp = Absorption; hvy = Fluorescence; hvp = Phosphorescence)
and non-radiative (w~~VC =Vibrational cascade; IC= Internal
conversion; ISC= Intersystem crossing) processes available to
molecules.

1.1(iii) SENSTTIZATION 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



ground state whilst 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 simply by Equation 1.1.
D"+ A—>Dg +A (11)
o

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.

DS°+AS1

(1| Ag, . Ds, + Ay,
0. v o ISC 0 As,
So ™~ S, > M,

(3)
(4)] A
SO DSO + AS1
DS°+ A"'1

Scheme 11

Scheme 1.1 shows four important 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 fram the donor's excited singlet state.



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 example of
singlet-singlet energy tré.nsfer is the sensitization of biacetyl
fluorescence by energy transfer frém singlet state acetone, in cyclo-

l'xe-;‘nane'7 solution, (Equation 1.2).

S
(CH),C0™" + CH,COCOCH,™® —» (CH,),C0%° + CH,COCOCH, >  (1-2)

Donor Acceptor

(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 campared to the singlet state.
Indeed, triplet-triplet energy transfer is the most cammon and most
important type of energy transfer in organic photochemistry, as
exemplified by the sensitization of triplet naphthalene by triplet

benzophenone, in benze.ne8 solution, (Equation 1.3).

So S 1
(CH,), 0" + OO —» (CHJ),C0™° + (1-3)

Donor Acceptor

(3) Triplet-Singlet energy transfer: In solution, energy transfer

fram a triplet donor to an acceptor to give the excited singlet state of
the acceptor is relatively rare, however triplet-singlet energy transfer
from thermally produced triplet acetone to appropriate acceptors, such
as 9,10-dibromoanthracene, has been obse.rved.g In this case, which

utilises a chemiluminescence technique, the thermolysis of tetramethyl-



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

the anthracene derivative,9 (Bquation 1.4).
Br

e o
0—0 T ’
4 0 L OOO (14)
)k Acceptor

Donor Br

(4) Singlet-Triplet en 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-dibramcanthracene is quenched by

naphthalene, in toluene solution, to give triplet naphthalene,10
(BEquation 1.5).
Br Br
S1 SO So T1
a0 - - QO -
Br Br (1-5)
Donor 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.



If the concentration of the donor molecule is high, then a bimolecular
self-quenching process can result. An example of such self-quenching is
triplet-triplet annihilation, whereby deactivation of two donor n‘olec;'ules,
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. Systems which are subject to quenching via triplet-triplet
annihilation often show delayed fluorescence which emanates fram the
donor molecule that is generated in its excited singlet state, as shown
in Scheme 1.2. Triplet-triplet annihilation has been cbserved for
anthracene and naphthalene in n-hexane solutions, biacetyl in benzene

solutions and benzophencne in freon, for example.]'1

D*+ %0, — D>°+ 'O, (1-6)
"4 D" — 0™ . D
DS° + hy

DF

(where thF =delayed fluorescence)

Scheme 1-2

Concentration quenching can also lead to deactivation of the singlet
state characterised by a decrease in fluorescence intensity with
increasing amounts of the campound under investigation. The fluorescence
quenching which is observed in such cases results from interaction of a
molecule 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 example, pyrene fluorescence is progressively quenched as the
concentration of pyrene in the solution is increased and this is
accampanied by the growth of a broad structureless emission band,
corresponding to the pyrene excimer, at longer wavelength than the

' 12
pyrene fluorescence.

S S

0>+ D°— (DD} —» D

+ DS°+ hy (1-7)

1.1 (iv) HEAVY ATOM EFFECTS

Intersystem crossing to the triplet state of an aramatic hydrocarbon
is enhanced by the presence of halogens, or other heavy atams, and a
reduction in the fluorescence quantum yield of the molecule is observed,

(Equation 1.8).

oS T (1-8)

—> [

* QA * Oa
(where Q= heavy atom quencher)

There are two ways by which a halogen can enhance intersystem crossing
and quench the fluorescence of an arcmatic molecule. Firstly, if the
heavy atam is incorporated into a molecule of the arcmatic hydrocarbon
it can quench intramolecularly. For example, substitution of hydrogen
by halogens at the l-position of naphthalene reduces the fluorescence
quantum yield and increases the phosphorescence quantum y:i.eld,13 (Table
1.1).

Secondly, if the heavy atam is present in the enviromment of the
aromatic hydrocarbon it can quench intermolecularly. For example Xenon,
when administered into a solution of an aromatic hydrocarbon, such as
anthracene or naphthalene, has been shown to quench the fluorescence and

4

enhance the rate of triplet formation of the molecule. ! Similar inter-
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molecular quenching effects are observed fram the quantum yields of
fluorescence and phosphorescence of arcmatic hydrocarbons in different

halogenated solvents as exemplified by the study of naphthalene in

halogenated propanes,15 (Table 1.2).
TABLE 1.113
Quantum Yields(a)
Campound
Fluorescence | Phosphorescence

Naphthalene 0.55 0.055
1-Chloronaphthalene 0.058 0.3
1-Bramonaphthalene 0.0016 0.27
1-Iodonaphthalene <0.0005 0.38

(a) Data for rigid solutiomn at 77K

TABLE 1.215
. (a)
solvent Naphthalene Quantum Yields

Fluorescence | Phosphorescence
Ethanol/Methanol 0.55 0.055
1-Chloropropane 0.44 0.08
1-Bramopropane 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,16 however doubt exists
as to the exact nature of the intermediate species involved, which could
be an exciplex or an encounter camplex. Camplete electron transfer

occurs in polar solvents leading to the formation of solvent separated
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radical ion pairs. In non-polar solvents incamplete electron transfer
may occur to form an intermolecular charge-transfer camplex in an excited
state (termed an exciplex), which may relax by either a radiative or
non-radiative process. The parameters for the above mechanisms of

electron transfer quenching are summarised in Scheme 1.3.

D'+ A ——»(D*.....A)

encounter complex D + A
. non-polar non-
polar solvent radiative
solvent
| (DA)
exciplex
\ 4
D?+ A* ’ hy + D +A
or radiative
D™+ A?

solvated ion pair
Scheme 1-3

The first example of exciplex emission was the finding of new

structureless fluorescent bands in the spectrum of perylene quenched

7 Radical ion formation has

by aromatic amines in non-polar solvents.1
been observed in the reactions of various singlet state arcmatic hydro-
carbons with amines in aprotic polar solvents which give rise to hydro-

carbon radical anions and amine radical cations.18

1.1 (vi) INTRAMOLECULAR ENERGY TRANSFER

Energy transfer can also take place between different chromophores
within the same molecule, and is termed intramplecular energy transfer.

For example, both singlet and triplet energy transfer have been studied
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in the campound below. 1920

2
OO

{(where n=1,2,3)

Using an excitation wavelength of 313 nm the naphthalene moiety is
pramoted to its singlet state. Singlet energy transfer to the benzo-
phencne moiety then proceeds with high efficiency (n=1, 98%; n=2, 80%;
n=3, 94%). Intersystem crossing ensues, with unit efficiency, forming
the benzophencne triplet which then undergoes triplet energy transfer to
naphthalene (n=1, 2,3, 100%) to yield the naphthalene triplet which,
if in a low temperature glass, undergoes phosphorescence. Using an
excitation wavelength of 366 nm starts the above process at the benzo-

phenone singlet state.

1.1(vii) UTTLISATION OF SENSITIZATTION AND QUENCHING STUDIES

Sensitization and quenching are two important photochemical techniques
which can be used to probe and elucidate the excited state fram which a
photochemical reaction occurs. For example, photosensitization can
create excited states which may be difficult to obtain by direct irradia-
tion and often provides a route to products which otherwise could not be
derived from direct photolysis of a campound. Quenching studies can be
used to determine relative rates of photochemical reactions in addition
-to revealing the excited state fram which the reaction occurs.

The kinetics of photochemical quenching are described by the Stern-
Volmer equation21 below, (Equation 1.9). This equation can be applied

to many types of quenching studies including fluorescence, phosphorescence
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P,
=1+kq7[Q] (1-9)
3 | |

where P, = quantum yield in the absence of quencher

b, = 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 Stern-Volmer plot, a great deal of information regarding
the quenching process can be obtained. A plot of (I’O/d)q 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 7) then the other can be calculated.

It should be pointed out that there are several important factors
which need to be taken into consideration in the design of an effective
quenching experiment. For example, 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 sumary, 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 same

camonly used triplet sensitizers and quenchers are given in Table 1.3.22

1.1(viii) SUMMARY
Same of the basic principles involving the creation and deactivation

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

-15~-



TABLE 1,322

Campound 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
Cxygen ~23

summarises the possible quenching mechanisms which can occur for an

excited molecule. 23.

Photochemical
quenching

Self-quenching
D
Photophysical

quenching \ Q ///(Electron transfer
'Impurity' quenching ——= Heavy atom effects

Energy transfer

Products

SCHEME 1.42°3

The process of photophysical quenching, which does not lead to new
ground state products, can be sub-divided into self-quenching, where the
quenching molecule is D, and 'impurity' quenching where the quenching
molecule is another chemical campound Q. Impurity 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 encampasses the whole of organic photochemistry and is dis-

cussed in relation to carbonyl campounds in the next section.
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1.2 PHOTOCHEMTCAL REACTTONS OF CARBONYT, COMPOUNDS

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

24,25 have been reviewed

chemistry of carbonyl5 and o~dicarbonyl campounds
and the following section serves as a resumé which highlights some of the
important characteristic reactions of carbonyl campourds when irradiated
in degassed solution. The effect of oxygen upon such reactions is

discussed in the final part of this section.

1.2(i) o-CLEAVAGE

Cleavage of the carbon-carbon bond o to the carbonyl portion of a
molecule is referred to as a-cleavage or Norrish Type I cleavage.

The primary photochemical process involves a simple cleavage into
free radicals, followed by secondary reactions which include decarbonyla-
tion of the acyl radical and subsequent radical recambination as outlined

in Scheme 1.5.

R-C-R % R-C+R
" 1}
0 0
R-C- — R- + CO
1}

O .
R-+.R"— R-R’

(where, for example, R=alkyl or aryl;
R = -Hor atkyl)
Scheme 1-5

The above Scheme 1.5 is general for many carbonyl campounds and the

cleavage reaction can occur fram both the excited singlet and triplet
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states.
Irradiation of di-t-butyl ketone in pentane solution produces several

products derived fram an initial a-cleavage reaction,26 (Scheme 1.6).

(CH,),C=CH, + (CH,),CH

0 0 T
hy "
(CH), €=C-C(CH), — | (CH,),C~C- + -C(CH,),

'

(CHy),CC(CH,), + CO

Scheme 1-6

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

ketones possessing exocyclic olefinic li.nkages,27 (Equation 1.10).

0 0 0
hy O . O . = (110)

With reference to a-dicarbonyl campourds, such as biacetyl and benzil,

0

cleavage of the carbon-carbon bond between the two carbonyli\ 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

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

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

0
/]
‘la] hw m + 200 (1)

cyclopropanone and carbon monoxide upon photolysis,29 (Equation 1.12).
0
v 0 + €O (1-12)
~0

1.2(ii) (3-CLEAVAGE

Although B-cleavage is not formally a Type I process it does bear
close similarity to a-cleavage. g-Cleavage is cbserved in compounds with

relatively weak Cy -Cg bonds and results in the hamolytic cleavage of

this bord, as exemplified by cyciopropyl ketones 0’31

32

and a,B-epoxy-

ketones.
The first report of a B-cleavage process was the formation of methyl-
propenyl ketone fram methylcyclopropyl ketone,3o (Equation 1.13).
0

0 0
hy
= — / (113)

The mode of bond cleavage which predaminates, either o- or B- cleavage,
is sensitive to alkyl substitution®® as shown in Equation 1.14.

Q0

0
H hy,R=-CH, R  hoR=-H
R—x a-cleavage B- cleavage

(114)
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o, B-Epoxyketones undergo B-cleavage to yield 1,3-diketones via methyl

group migration,

(Hs H
|
CH~C—C-C—

0 o

32

(Equation 1.15).
CH, H
hy | |
CHy = | CHg=C— C=C=CHy | — CA,C-
g O 0

1.2(iii) INTRAMOLECULAR HYDROGEN ATOM ABSTRACTION

|
(=g
CH,O

Irradiation of carbonyl campourds containing y-hydrogen atams, in

(1-15)

addition to Norrish Type I cleavage products, yields products which can

be explained by a mechanism involving an intramolecular hydrogen

abstraction reaction, often referred to as a Norrish Type II process.

The products of such a fragmentation reaction are an alkene, a carbonyl

campound initially formed as the enol tautcmer and often a cyclobutanol

derivative.

A diradical species is the camon intermediate for the

formation of the products with the éyclisation pathway being a minor

process in same cases.

process is shown in Scheme 1.7.

A general mechanism for the Norrish Type IT

A wide variety of carbonyl campounds fragment via a Norrish Type IT

process, including aliphatic ketones and long chain aliphatic a-diketones.

HO hy

A

Type II process, 33

HO

~_"

(Equation 1.16).

OH
-~ A - A -

-21-

or both excited states may contribute to the fragmentation reaction.

OH

The reaction can proceed fram either the excited singlet or triplet state,

The fragmentation of hexan-2-one serves as an example of the Norrish

(1-16)



R R’
Tcyclisafion
v HO
y Q3 ’ 1 4 y 0& ” . \ '
(R),-C C—R — | (R),—-C C-R|{—|(R,-C -C—R
\_/ / —/
l cleavage
HO-C-R" + (R),C=CH,
]
CH,
JP
0=$ —-R’
CH,
(where, for example, R and R'=-H and/or alkyl)

Scheme 1-7

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 fram a-diketones), as exemplified by the reaction of

| 5,6-decanedione in cyclohexane solution yielding 2-butyl-3-ethyl-2-
hydroxycyclobutanone, 34 (Equation 1.17).

hy CH,
CH,=C—-C-CH, —
5 6 O C,H, \o (117)
OH

It should be noted that carbonyl campounds which lack a hydrogen atom

in the y-position often give products formed by hydrogen abstraction from
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another position as shown by the reaction of o-benzoyloxybenzaldehyde
to yield 2-phenyl-3-hydroxy-2,3-dihydrobenzofuran,>® (Equation 1.18).

CHO X OH
©i 2 @“’I (118)
OCH,CH, 0°~CH

6 5

1.2 (iv) INTERMOLECULAR HYDROGEN ATOM ABSTRACTTON

A widely studied reaction is that of the photoreduction of an excited
carbonyl campound in the presence of molecules with easily abstractable
hydrogen atams, for example alcohols. A generalised mechanism for the
process, which involves radical formation and subsequent dimerisation,

is shown in Scheme 1.8.

0

R\ * R\
£=0 +  CHOH
R R
R R
N2 N2
. -0OH + "{C-OH
R R

l dimerisation

R Rll
U4 l l 0
R=C—C—R
OH OH

(where R R, R"and R"'= alkyl and/or aryl)
Scheme 1-8
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An example of such a photoreduction reaction, which is often used as

36

a standard in quantum yield determinations,” is that of the photolysis

of benzophenone in the presence of benzhydrol leading to the formation
of benzpinacol via the dimerisation of the resulting ketyl radicals,37

(Scheme 1.9).

.
(CHs),C=0" + (CGH,),CHOH

|

[(CH),E=0H + (CH),C-OH ]

'

(€= C ~C ~(CH),
OH OH

Scheme 1-9

As benzophenone undergoes iﬁtersystem crossing with high efficiency,
photoreduction is observed only fram the triplet state of benzophenone.
A similar photoreduction reaction occurs when benzophenone is irradiated
in isopropanol s‘olution.38

The photoreduction of biacetyl has been studied in a number of solvents
containing abstractable hydrogen atcm1539 and the reaction mechanisms in
each case can be rationalised on the basis of initial hydrogen abstraction
fram 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

mixture of diastereameric pinacols in approximately equal amounts,sg'
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(Equation 1.19).
00 g OHOHgq

TEET] ) n o b
CH,=C— C~CH, + (CH,),CHOH — CH,~C-C-C-C~-CH, + (CH ) C=0
P
CH, CH, (1-19)
Similarly, when benzil is irradiated in cyclohexane solution a camplex
mixture of products including benzaldehyde, phenylcyclohexyl ketone,
benzoin benzoate and benzoin are obtained via a mechanism suggested to

involve initial hydrogen atam abstraction fram cyclohexane by excited

state benzil. 40

1.2 (v) PHOTOCYCIOADDITION REACTIONS

The irradiation of carbonyl campounds in the presence of alkenes
generally leads to oxetanes as photocycloaddition products. For example,
benzophenone undergoes photocycloaddition reactions with alkene_as41 and

conjugated die;nes"‘2 to yield oxetanes, (Equation 1.20).

7 ™ cH) =0 o7
+«— (CHJ),=0 —> . (1-20)
A KT e
CeHs CeHs

Analogous reactions have also been observed for cyclic ketones, for

example, cyclohexenone undergoes a photochemical [2 +2] cycloaddition

reaction with ethene to give bicyclo[4.2.O]octanone,4‘3 (Equation 1.21).
0 0
hy
+ CH2= CH2 — “2”

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

Intramolecular oxetane formation via an intramolecular photocyclo-
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h
__:, + (PZZ)

Q

addition reaction has been observed for o,B-unsaturated ketones,45

(Equation 1.23).
0]

hy ——0
/'\ru\ = (1-23)
QR Y

Similar intramolecular oxetane formation occurs with certain a-

dicarbonyl carpourﬁs46 as shown in Equation 1.24.

hy °
0 T | ALb | ™ (1:24)
0

Although biacetyl does not form cycloaddition products upon irradiation

39,47

in the presence of alkenes, the a-diketone, benzil, has been found to

undergo oxetane formation when photolysed in the presence of vinylene

carbonate. 48

1.2(vi) REACTIONS IN THE PRESENCE OF OXYGEN

The effect of oxygen upon the photochemical reactions of carbonyl and
a-dicarbonyl campourds 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,
menthone, yields an unsaturated acid48 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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‘o o A D COH
0 ~ 0 H OOH
~

0-

Scheme 1- 10

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

been intercepted by oxygen to yield a hydroperoxide,*® (Equation 1.25).
CSHS - CBHS ] CSHS
N 0 . . N
h OH 0
W — | LY ¢00H (1.25)
Calls ‘ CHs CeHs

That the hydroperoxide results fram trapp:.ng of the 1,4-diradical and
not from reaction of oxygen with the triplét state of y-phenylbutyro-
phencne can be confirmed by kinetic studies utilising laser flash

%% The interaction of oxygen with radicals derived fram long-

photolysis.
lived carbonyl triplets is less readily cbservable as triplet quenching
by oxygen may affect the radical forming reaction. Attampts to trap the
radical intermediates derived fram 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 benzoquincone to cyc:looct:atetraene,50 (Scheme 1.11).
Tetramethylcyclobutadione yields several products, including tetra-
methylcyclopropanone, corresponding to loss of carbon monoxide under

51,52

degassed corditions. 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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D= LG

: 0, / diradical
hy trapping

So

Scheme 11

Presumably tetramethylcyclopropanone is initially produced which under-
goes addition with oxygen to yield the cbserved products, as shown in
Scheme 1.12.

In conclusioh, it is of interest to note that a-dicarbonyl campounds
upon irradiation in oxygenated solutions containing various alkenes have

been found to sensitize the epoxidation of the alkene.>?

For examéle,
irradiation of tetramethylethylene in oxygenated benzene solutions
containing either biacetyl or benzil leads to the epoxidation of the

aJ.ke:nez,53 (Equation 1.26).

hv,Q, , CHg 0

= TDacehyl bendil VAV (126)

1.2(vii) SUMMARY
Carbonyl and a-dicarbonyl campounds are capable of undergoing a wide
variety of photochemical reactions in sclution which lead to the formation

of new chemical campourds. In same cases, direct cleavage occurs to yield
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>C=C=0 + (0 «+ >=< ."

degassed
conditions

0 | 0

o 0

0-0

\ /
€0, S/ \¢ >=0 .00

Scheme 1-12

radicals which undergo further reaction to give the cbserved products.

Mechanisms involving hydrogen atam abstraction are also important in the
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photochemical reactions of carbonyl campourds and can be inter- or
intramolecular in nature. When possible internal hydrogen atcm abstrac-
tion is generally preferred over hydrogen abstraction fram 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 PHOTOCHEMICAL OXIDATTION REACTTONS

Preface |
Molecular oxygen is a powerful oxidising species which can undergo
reaction with a wide variety of organic substrates. In aerobic
organisms the reactivity of oxygen, with biological molecules, is
subject to finite control by the organism's metabolism in order to
prevent oxygen reacting indiscriminately w:.th the nurerocus nmolecules
necessary for the maintenance of life. As the ground state of oxygen
is a triplet it is prevented fram reacting with the wealth of singlet
ground state organic campounds by a spin barrier. The highly reactive
excited states of oxygen are however singlets and it is only by cantroll-
ing this triplet-singlet barrier that the requiremepts for the continued

maintenance of life can be attained.

1.3(i) INTRCDUCTION

The electronic configuration of molecular oxygen was first interpreted
by Ml.lll.i.ken54 who predicted three states for the oxygen molecule,
spectroscopically denoted as Lgr 'Ag and 12; 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 (32;) and accounts for the paramagnetic properties exhibited by
ground state molecular oxygen. Mullik:en54 suggested that two other
arrangements of these two ocutermost electrons are possible and should
give rise to two low-lying singlet states ('Ag; and 1Z;) , which were both
later identified by spéctroscopic studies. The spectroscopic observation
of the 'I, state, 37.5 kcal above the ground state, was reported by

5

Childs and Macke.5 Later, Ellis and Kneser56 and Herzbe:r:g57 independently

-31-



reported the cbservation of the 'Ag 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 secand
excited singlet state (Iy) has the two electrons also with anti-parallel
spin, but in this case each of the electrons occupies cne of the
degenerate orbitals. These electronic configurations of molecular

axygen are shown schematically in Figure 1.3.

Occupancy of the Energy difference with

Molecular oxygen highest orbitals the ground state
Second excited state (‘Ig) ! ! 37.5 keal/ole
First excited state ('Ag) i 22.5 kcal/mole
Ground state (°Ig) * }

FIGURE 1.3

That singlet molecular oxygen 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 axidation
reactions in the presence of a dye, light and oxygen had appearedsg-61
although the mechanisms of these photo-oxidations were uncertain and none
invcked free singlet molecular oxygen as the reactive species.

Kautsky and co-workerss? later reported that if the dye and the
substrate were physically separated on silica gel supports, photo-oxidation
could still occur. It was prc:posed62 that the reactive singlet state of
oxygen responsible for bringing about oxidation was the 12; state and in

a gaseous form diffused fram the dye/silica particles to undergo reaction
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with substrate/silica particles. Gaffrc:n63 subseqdently found that dyes
with energies of less than 37.5 kcal/mole could sensitize photo-oxidation
reactions and this, together with the spectroscopic cbservations of the

56,57

lAg state of axygen, led Kautsky to revise his mechanism to include

the first excited singlet state of molecular oxygen.64’65
In retrospect it seems surprising, in spite of Kautsky's elegant

experiments, that his deductions did not convince his contemporaries

and were generally ignored in favour of a moloxide mechanism proposed

initially by Schénberg.®®

The moloxide mechanism, which involves the
formation of an unstable sensitizer-oxygen camplex capable of transferring
oxygen to an acceptor molecule, was later supported by Schenck67 and
became the generally accepted mechanism for photo-oxidation reactiens,

in total disregard to any involvement of singlet oxygen.

The participation of singlet oxygen in photo-oxidation reactiaons,
discovered in the 1930's by Kautsky, was later 're-discovered' in the
early 1960's by several groups who found that singlet oxygen, produced
by chemical methods, could oxidise a variety of organic substrates to
give products similar to those obtained fram dye-sensitized photo-
oxygenations. In 1964, Foote and Wexler reported that oxidation with
singlet oxygen produced by the peroxide-hypochlorite react:ion68 gave rise
to identical products to those formed in the analogous dye-sensitized

69

reaction. At the same time Corey and Taylor70 reported similar

observations using singlet oxygen generated by electrical discharge.

Although these _experinentsﬁs-70

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 lAg state of oxygen

. 1,72
is around 45 mJ.nutes7 7

55,73

and that of the Iy state is around 7
secands. Due to intermolecular collisioné these lifetimes are
dramatically reduced in solution and are estimated at around 1073 and
107° seconds for the !Ag and 12; states of oxygen respectively.74 It is
now appreciated74 that in solution the 12; state rapidly relaxes to the
'Ag state by collisional quenching interactions and as such reactions of
the 12; state in solution are uncertain. Presently the reactive inter-
mediate in solution phase photo-oxidations is considered to be the first
excited singlet state (IAg) of molecular oxygen and hereafter singlet
oxygen or !0, refers to the lAg state of oxygen unless otherwise
mentioned.

Since the work carried out in the early 1960's%8"7° 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 which have been abundant in the literature. Many excellent

reviews have also appeared.’>(®)~(1)

The following sections summarise
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 T AND TYPE IT PROCESSES

Photo-oxidation 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, A0,. It is necessary to
distinguish between the two mechanisms which can be responsible for such
photo-oxidation reactions, classified as Type I and Type II processes

respectively.
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Type I processes involve the participation of radicals in the oxidation
reaction. The radicals can be produced by either hydrogen or electron
transfer fram a reducing substrate (RH or R) to a triplet sensitjizer,

(Scheme 1.13).

Hydrogen
transfer

Sens'' + RH SensH + R-

Electron
transfer

T < +
Sens + R Sens® + R°

SCHEME 1.13

~ The interaction of oxygen with the radicals so produced (Scheme 1.13)
then brings about the oxidation of. the substrate in which the superoxide
radical anion (0,°) or its conjugate acid (HO,+) may participate.
Hydrogen peroxide, produced by the disproportionation of HO,+, may also
be involved.

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

The Type II process, which is not radical in nature, involwves the
intermediacy of singlet oxygen which undergces direct reaction with a
substrate to give the oxidation 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 sectiaons.
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1.3(iiji) METHODS OF GENERATTON OF SINGLET OXYGEN

(a) Enerqgy Transfer
Singlet oxygen can be conveniently produced by energy transfer fram

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. The triplet sensitizer so produced can then undergo
energy transfer to ground state molecular oxygen to yield singlet oxygen
which, in turn, can react with a substrate (A) or return to its ground

state, as sumarised in Scheme 1.14 and Figure 1.4.

So Sy

Sens — Sens

. . T .
S st . ISC S 1

sens™ + 30, — sens®® + !0,
A+ 1'0, — A0,

o, — 30,

SCHEME 1.14
'sens = 15§
3
Sens
hy
Sens

It should be noted that in scme cases of self-sensitized photo-

peroxidations of aramatic hydrocarbons, singlet oxygen formation has been
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observed as a result of quenching of the excited singlet state of the

aramatic hydrocarbon.76’77' Indeed, the highly fluorescent arcmatic

hydrocarbon rubrene was reported to lead to singlet oxygen production

with quantum yields in excess of unity via the following nechanisxn,76’77
(Scheme 1.15).
ArE®! + 30, — ArH™ + lo,
AJ:‘HT1 + 302 —_— ArHS" +_102
(where ArH = Aromatic hydrocarbon)

SCHEME 1.15

Many of the sensitizers used in photo-oxygenation reactions have high
rates of intersystem crossing (with resulting high triplet yields) and
absorb light in easily accessible regions of the electramagnetic spectrum
thus enabling easy generation of triplet sensitizer. The triplet energy
of the sensitizer is an important factor in producing excited state
oxygen, for sensitizers having triplet energies between 22 and 38 kcal/ |
mole will generate anly 'AgO, whereas sensitizers having triplet energies
in the region 38-45 kcal/mole can produce both 'Ag0, and 12;02. Dyes
such as Rose Bengal (Er = 40 kcal/mole), Tetraphenylporphyrin (Ep = 34
kcal/mole) and Methylene Blue (Et = 34 kcal/mole) are cammonly used as
sensitizers, but their main disadvantage is that they are difficult to
remove fram the product mixture. However, this problem has now been
overcare by the use of insoluble polymer-bound dyes which can be easily
removed by filtration after irradiation. The first example of a hetero-
geneous sensitizer was described by Blossey and c:o-worken:'s.78

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 oxygen by passing a

stream of oxygen through an electric discharge was that by Foner and
Hu:t:'lscsn79 in 1956. These authors79 estimate between 10-20% singlet oxygen
in the effluent stream. Production of singlet oxygen by this technique
was later utilised by Corey and Taylor'° who bukbled the effluent stream
through solutions of organic substrates in order to bring about oxygena-
tion.

The development of powerful radio and microwave 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. The use of
microwave discharge to produce singlet oxygen is now favoured over
radiofrequency generation. The microwave generators operate at 2450 MHz,
a frequency which does not interfere with other electrical equipment énd
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, which have powerful
oxidising properties, are also produced. Therefore careful control of
the effluent gas is required in order to remove the ozcne, atamic oxygen

and the small amounts of 12;02 thus formed.

(c) Chemical Methods for Singlet Oxygen Production
Singlet oxygen can be generated by a number of chemical methods, same

examples of which are given below.

(1) Peroxide Decamposition
The reaction of scdium hypochlorite with hydrogen peroxide leads to

the formation of singlet oxygen, (Equation 1.27).
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NaOCl + H,0, — '0, + H,0 + NaCl + hy (127)

The cbservation of a weak red chemiluminescence was first observed by
mal1et® in 1927 and later confirmed by Seliger®! in 1960. Khan and
Kasha,82 in 1963, attributed the chemiluminescence to emission fram
electronically excited molecular oxygen and su.bsequs:ntly83 identified
'AgO2 as the species involved. The initial report by -Khan and Kasha®2
invoking singlet oxygen production in the above system prampted Foote
and Wexlex:'68 to utilise this method of singlet oxygen generation in the
oxygenation of various organic sﬁbstrates.

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

In an attempt to alleviate the solvent limitations of the reaction,
McKeown and Wate,rs84 developed a two-phase system in which bramine
replaced the sodium hypochlorite. In this way singlet oxygen formed in
the lower agqueous phase, via the reaction of hydrogen peroxide and
bramine, rises up through the upper organic layer containing the
substrate. However, it should be pointed out that side reactions, due

to bramine, provide a drawback to this method.

(2) Triphenylphosphite Ozonide Decamposition

Murray and Kaplan85 found that when ozone is passed through a solution
of triphenylphosphite at -78°C an adduct, triphenylphosphite ozonide, is
formed. .Upon waming the solution to -35°C the adduct decamposes to
yield singlet oxygen and triphenylphosphate, (Bguation 1.28). The singlet.
oxygen so produced can then be used to oxygenate various substrates.85

: 0
-78°C 7\

-350
(CHOLP = 0 "= (A0 o B 0 P=0+"0, (128)
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The production of singlet oxygen in the above reaction was initially
questicned 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. However, the observation of the
characteristic absorptions due to singlet oxygen by Wasserman and co-
workers,87 when the oxygen evolved fram the decamposition of solid
triphenylphosphite ozanide was passed into the cavity of an E.S.R.
spectrameter in the gr—;ls phase, point to the involvement of free singlet
oxygen in the above reaction.

Apart fram solvent restrictions the use of this method for singlet
oxygen producticn is severely hampered by the instability of the

triphenylphosphite ozanide adduct.

(3) Themmal Decomposition of Transannular Peroxides of Aramatic
Hydrocarbons

The reversible addition of oxygen to an aramatic hydrocarbon was
60

first reported by Moureu and co-workers®® in 1926. These authors
found that rubrene, when exposed to sunlight in aerated benzene solution,
formed a colourless solution fram which a crystalline peroxide was
isoclable. Upon heating, the peroxide regenerated the red hyd.rocarbm
with the concamitant evolution of oxygen.

In 1967, Wassermman and Scheffer88 showed that the thermal decamposition
of the endoperoxides of 9,10-dimethyl- and 9,10-diphenylanthracene led to
the regeneration of the aramatic 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 requi:fenents and long time for
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R R R
%: A» ’ 102 (1-29)
R’ | R’ : R’ R

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

peroxide decamposition, may cause problems with same acceptors.

(4) Other Methods of Singlet en Generation

In 1968, Howard and Ingold®® reported that oxidation of s-butylhydro-
peroxide, by Ce**, led to singlet axygen farmation. Although this
fi.nding89 was later confimmed spectroscopically by Nakano and co-workersg0
this method for singlet oxygen production is not very useful prepara-
tively. ’

Peters and co—workers91 have reported that potassium perchramate,
upon aqueous decampositicn, generates singlet oxygen although campetitive
oxidative processes impair the usefulness of this system as a source of
singlet oxygen.

The suggestion by Khan®? in 1970 that the superoxide radical anion,
produced fram the decamposition of potassium superoxide in dimethyl-
sulphoxide solution, could undergo dismutation to yield singlet oxygen
gave rise to much discussion due to the cbvious implications in many
biological systems. Same workers supported this proposal, for example
Mayeda and Bard’> reported that superoxide, generated electrochemically,
could oxidise the known singlet oxygen acceptor 1, 3-diphenyliscbenzofuran.
Howéver, Barlow and co-wcrkfs_-rs94 found that the enzYmes ribonuclease and
lysozyme were not inactivated when subjected to y-radiolysis and as such
suggested that singlet oxygen is not formed fram either HO,+ or 0.7,
which' ére the only two radical species present under the experimental

conditions employed.
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The view that dismutation of superoxide dees not lead to singlet
oxygen production was supported by Foote and co-workers®® who found that
<0.2% of singlet oxygen is produced fram the dismutation reaction. In
their’® study the oxidation of cholesterol (supported on micrcbeads) was
investigated using superoxide generated fram the decamposition of
tetramethylammonium superoxide in dimethylsulphoxide solution. More
recently, Khan?® has reported direct spectroscopic evidence, to
substantiate his earlier proposal,92 that singlet oxygen is produced
.frcm the reaction of potassium superoxide with water. At present there
is, therefore, a certain amount of speculation as to whether dismutation
of the superoxide radical anion in fact produces singlet oxygen (Equation
1.30) and a definite answer has yet to be provided.

?
07 + 07 —= 0, + HO, (1-30)

H+

1.3 (iv) PHOTO-OXIDATION VIA THE TYPE I PROCESS

Several photo-oxidation reactions have been shown to involve the
intermediacy of radicals and as such can be classified as occurring via
Type I processes, as described by the following examples.

The photo-oxidation of alcchols sensitized by ketones, such as benzo-
phenone, proceed via a radical mechanism® yielding hydroxyhydroperoxides
or ketones depending upon the reaction conditions, (Scheme 1.16).
Hydroperoxides are formed in the analogous reaction of ethers,g‘7

(Equation 1.31).
(CgHy) C=0 ,
(0 B hy, 0, Q—OOH (1-31)

Halogenated biphenyls irradiated in the presence of axygen lead to the
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CH, CH, CH,

' (CH,),C=0 l 0 ]
C2H5—$-0H “PL+» C,H,-C-OH —’»czns—'c-on
H : 0-0-

(CH),C=0 LH donor

CH, | CH,
I |
CH,—C=0 Csz"IC —0OH
OOH
Scheme 1-16

production of phenols as a result of fission of the carbon-halogen bond

and radical scavenging by oxi,'gc-::n,98 (Scheme 1.17).
h
O = O -x
0, | H donor

7 \ 7 \ OH

(where X = halogen)
Scheme 117

The photo-oxidation of amines, such as N,N-dimethylaniline, by benzo-
phenone has been shown to occur by a mechanism involving radical inter-
mediates®® as opposed to singlet oxygen, (Equation 1.32).

The direct photolysis of azo-campounds in the presence of oxygen
leads to the formation of products resulting fram ring closure of a

singlet diradical which is not intercepted by oxygen.100 However, if
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(H, CH, CH, H
| (C,H,),C=0 | | |
> CH~N—CHO « CH~N-H + CH-N—H

(1-32)

CHs—N—CH, hy, 0,

the reaction 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
100

oxygen, (Scheme 1.18).
”N M’t’_, LP —_—
N
Singlet
diradical
0 hy
(highz (CgHg),C=0
pressure) ISC
\/
. 0
—_ ,0
: 0
triplet .
diradical
Scheme 118

Irradiation of l-naphthylacetates in the presence of oxygen leads to

decarboxylation and the formation of 1-naphthylmethanol and 1-naphthalde-

101

hyde. The mechanism is suggested to involve electron ejection and

radical formation with the interception of the radicals by oxygen

101

yielding the observed products, (Scheme 1.19).

Similar mechanisms involving electron transfer and radical scavenging

-44-



CH,C00™ CH,C00-

—w—»

CH,OH CHZOO-

o - oo - ot

b -

(where e~ = electron)
Scheme 1-19

by oxygen have been proposed for the decarboxylation of various

carboxylic acids sensitized by carbonyl campounds and c.;m.i.noxa_].ines.102
The interception of the 1,4-diradicals (formed in intramolecular

hydrogen abstraction reactions) by oxygen also exemplifies oxygenation

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

Several of the above examples are unimolecular in nature insamuch as
the direct irradiation of the substrate, in the presence of oxygen, is
employed to investigate the photo-oxidative mechanism. However, in cases
where a sensitizer is used then these bimolecular reactions usually
involve hydrogen atam abstraction fram the substrate by the sensitizer.
Many of the sensitizers used are dyes and as such are also capable of
producing singlet oxygen which may make it difficult to distinguish
between. Type I and Type II processes in these cases. This problem is

discussed 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 diencphile to give Diels-Alder addition
products. This 1,4-cycloaddition reaction of singlet oxygen with a
conjugated diene results in the formation of endoperoxides, (Equation

~Z 1 0
( + 0, — CI {1-33)

In 1944, Schenck and Ziegler103 reported the first dye-sensitized

1.33).

photo-oxygenation of a simple 1,3-diene, a-terpinene to yield ascaridole,
a natural product being the active constituent of chenopodium oil,
(Equation 1.34). Ascaridole is an endoperoxide formed in plants by the

chlorophyll sensitized photo-oxidation of a-terpinene.
h
V, 02 > @ (1.3[’)
chlorophyll

a-terpinene ascaridole

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

2,5-Dimethyl furan®s’ &2

ﬂ- hy, 0, . = (H,O0H /=

0 sens,-80°C A m‘
0—0 CH,0 = OOH

- - (1-35)
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1, 3-Diphen_y;lisobenzofuran]'04

CHs - CH. T CHs
~ %’n%.. 0 | — Y 36
Cds - CeHs - CeHs
ostero1®!

hy, 02
sens

HO

(b) The Ene Reaction

This reacticn is the addition of singlet oxygen to an alkene bearing
allylic hydrogen atams with the formation of an allylicb hydroperoxide
accampanied by an allylic shift of the double bond, (Equation 1.38).

*.' i

>c=c-c—- .0, — ~c—c=¢” - (138)

l | N

The allylic hydropercxides thus formed can be easily reduced to the
correspending allylic alcchols and this provides a means of introducing
an allylic oxygen function into a molecule, with the simultanecus
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 occcur with limonene both under dye-
sensitized c:::;nd.:i.tionsl06 and using singlet oxygen generated fram the

hypochlorite-peroxide system107 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, which can be reduced to the correspond-
ing alcchols. Interestingly, the alcohols formed were found to be
106,107 (Equation

1.39) and therefore a mechanism involving free radical intermediates can

optically active when using cptically active limonene

be excluded as the alcchol is not produced in a racemic form.

HO.

~
~

— > + 5 other (1-39)
or OCU'/H,0, products

4 . 4
Si:m'.lérly, identical products have been obtained fram both the dye-

hy, sens, 0,

sensitizedlo8 and hypoc:hlor:i.te-pero;c'Lde107 induced oxidation of a-pinene,

(Equation 1.40).

.-OH
hv,sens, O, -

— > » other  (1-40)
or OCl /H202 pl‘OdUCfS

The dye-sensitized photo-axygenation of cholesterol giving rise to the

allylic hydroperoxide, 3-B-hydroxy-5a-cholest-6-ene-5-hydroperoxide, is

another example of the ene reaction of singlet oxygen,]'09 (Equation
1.41).
hv ,sens, 0
HO HO l
|
OOH

The ene reaction has been the subject of major interest and controversy
for many years, the chief mechanistic problem being whether or not the

reaction is concerted. Scheme 1.20 summarises the possible mechanisms
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which may 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 which may be possible in a non-
concerted reaction are a perepoxide [route (ii)], a zwitterion [route

(iii)) or a diradical [route (iv)].

H
/k"" ,o\
1
S . O2 — | Ol
H ?-
(iv) L_0
H 0-
!
0
Scheme 1-20

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 same 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 by assuming a concerted reaction, whereas the
assumptions of perepoxide intermediates are not camwpatible in all
experimental reports. However the current interpretations given in the
literature are usually based on the assurpt’ion that an intermediate is
involved. This topic has been the subject of a detailed review - and

an exhaustive critique is not within the scope of this section.

(c) 1,2-Addition Reactions

Under certain conditions singlet oxygen can undergo 2 +2 cycloaddition

reactions with alkenes to yield 1,2-dioxetanes, (Equation 1.42).

\ c C/ 9 0—0

= + —
77N : \L_ L (1 42)
S
The 1,2-dioxetanes thus formed are often isolable and upon warming

cleave to give two carbonyl campounds, 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,lll (Scheme

1.21).
| M=o
REE G
— — \ * \
| =0 -—_>/E=-0 + hv
Scheme 1-21

Dioxetane formation with singlet oxygen occurs only with alkenes that
bear no allylic hydrogen atams (or that have the allylic hydrogen
attached to the bridgehead carbon atam) and is markedly susceptible to
substituent effects. If structurally allowed the ene reaction almost

always takes precedence over 1,2-dioxetane formation.
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Foote and Linllz reported that enamines, upon photo-oxygenation,
form two carbonyl products arising fram an intermediate dioxetane
derived fraom initial singlet oxygen attack upcn the enamine. Foote and
co-workers'!? later showed that the intermediate dioxetane is monomeric
only when the reaction is carried out at low temperatures and high

dilution. An example of such an enamine reaction is giwven in Equation

1.43.
:‘ 7]
CH H | 0—-0 CH, H
e hv,sens | ch, H A, Y0+0<
CH/ N(CH), O CH; N(CH,), CH, N(CH,),
i : (1-43)

Bartlett and S<:ha.ap114 first reported the preparation of 1,2-dioxetanes
fram the dye-sensitized photo-oxygenation of cis- and trans- diethoxy-
ethenes in acetone-de¢ solution at -78°C. The dioxetanes produced in each
case underwent cleavage to yield two carbonyl campounds upan heating,

(Equations 1.44 and 1.45).

0C.H,
_/ sens, hy, 0, 0—=0 A JCH.CHO
| —
C.H,0 (€0,),C0,-78°C S 's -
0—0
_ sens,hv, 0, A, 2C,H.CHO
C2H50 0C2H5 (CDS )ZCO, -78°C c2H50 OC2H5 (1' l"S)

- There are numerous reports in the literature relating to 1,2-dioxetane

formation for a wide variety of alkenes upan reaction with singlet oxygen

5

and this subject has been camprehensively rev:'Le\«Je.d.]'1 The interest in
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1,2-dioxetane formation was no doubt stimulated by the suggestion of
M(:Capra111 that dioxetanes may be important intermediates in many chemi-
and bioluminescent reactions.

McCapra and Hannl16 were the first to recognise that vinylogous
enamines should react with singlet oxygen in a manner similar to

. 112,113
enamines.

Singlet oxygen generated by the thermal decampositian
of triphenylphosphite ozonide, the hypochlorite-peroxide system or by an
electrical discharge was found to cleave 10,10'-dimethyl-9,9'-biacridyl-

116 The reaction was suggested to involve a

idene to N-methylacrideone.
dioxetane intermediate which upon thermolysis yielded N-methylacridone,

accampanied by chemiluminescence, (Scheme 1.22) .116

X X
408 N
1
QL
| =
soclllNeoe
CH, CH,
lA
i
N

Scheme 122

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 which cleaved upon
warming to give benzaldehyde and N-methylacridone in its excited singlet

state, the latter giving rise to intense chemiluminescence, (Scheme

1.23). 147
s QOC
————————
“78°C
D
0] H
c6H5
A
A
N
CH,CHO + O O + hv
0

Scheme 1-23

(d) other Examples of Singlet Oxygen Reactions
118

Sulphides
The dye-sensitized oxidation of sulphides produces sulphoxides.

Foote and Petersl]'8 have shown the participation of singlet oxygen and
have reported that two sulphide molecules are oxidised for each oxygen
molecule used. The authors have detected an intermediate persulphoxide
species, by trapping and kinetic experiments, with compounds such as
diethyl sulphide,'® (Bquation 1.46).

(C,H,),S

2ese0s O ie g, 8-0-0] Sh3, o $-0 (ras)
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Amd esllQ

Fisch and c:o-workers]'19 reported that the dye-sensitized photo-

oxygenaticon of the amines, tropincne and pseudcopelletierine, led to
demethylation and also suggested the involvement of singlet oxygen,
(Equation 1.47). The implication of singlet oxygen in the above reaction
has been challenged,99 but a later publicationlz0 supports a singlet

oxygen mediated reaction.

/ \ hv, 0,, sens / \ 0
(CH,), N-CH, 0 > (CH,), N-CHO (1-47)
'l v / N

(where n=0=tropinone ; n=1=pseudaopelletierine )

ndoles 2l 122

Evanslz1 has reported that 3-methylindole undergoes singlet oxygena-
tion, either by dye-sensitization or the hypochlorite-peroxide system,

to give o-formamidoacetophencne and o-aminoacetophencne, (Equation 1.48).

- CH, 0 0
Swal il wsl ¢ AN Gy
N u NHCHO NH,
L

(1-48)

-

Saito and co-workers'?Z have recently implicated peroxidic inter-
mediates in the dye-sensitized photo-oxygenation of 1,3-dimethylindole.
When the reaction is carried out in alccholic solution at -70°C a hydro-
peroxide is produced, whereas if the reaction is performed at roam |
temperature a formyl derivative is exclusively formed. The 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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alcohols to give the corresponding hydroperoxide,lzz (Scheme 1.24).

OCH

N —0
| CHa @\?—b
CH, + =
Qwe !
N CH,
|
CH, l
Q
e
TCHO
(where R=CH,~ or CH,- ; RT=room temperature) CH,
Scheme 124
123,124

2,4,5-Triphenylimidazole
Singlet oxygenation of 2,4,5-triphenylimidazole (lophine) proceeds

via a hydroperoxide intermediate which undergoes decamposition, with

123,124

accampanying chemiluminescence, via a dioxetane, (Scheme 1.25).

Other substituted imidazoles are also known to react with singlet

125
oxygen.
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CH, o i

N ~NH g
hy + «
CGHS/\O 0} CeHs CH N)\csHs

Scheme 1:25

1.3(vi) DETERMINING THE MECHANISM OF A PHOTO-OXIDATION REACTION

When dyes are used as sensitizers in photo-oxygenation 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 mechanism 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 oxygen 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 campound under
investigation in order to assess if the campound is a likely progenitor
of singlet oxygen. For campounds which 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 following section highlights scme of the
methods which can be used to aid the elucidation of the mechanism of a

given photo-oxidation process.



(a) Campeting Type I and Type IT processes

The photo-oxygenation of aramatic hydrocarbons in which benzylic C-H
groups are oxidised has recently been reviewed126 and a Type I mechanism
invoked in order to account for the observed products. For example,
Wasserman and co-workers 127 have reported that the Methylene Blue
sensitized photo-oxygenation of hexamethylbenzene proceeds via a
mechanism which appears to be exclusivély due to a Type I process,

(BEquation 1.49).

0
hy,sens, 0, CH20§H3 CH,0CH,
(Type I ) * CHZOCH3+ -_ 0

(1-49)

Other reports have appeared which 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 examples
are given below.

Saito and co-workers'?® have shown that the dye-sensitized photo-
oxygenation of 4,5-bis- (N,N-dimethylamino)-o-xylene (campound A in
Scheme 1.26) can occur simultaneocusly by both Type I and Type II
processes. The formation of the two products (canpoﬁnds B and C in
Scheme 1.26) was found to be highly dependent wupon both sensitizer and
solvent, with the addition of singlet oxygen quenchers inhibiting the
foﬁnation of product C but having no effect upon the production of
campound B. It was suggested128 that product C arises via a Type II
singlet oxygen mediated route whereas campound B results fram a Type I
radical process as outlined in Scheme 1.26.

Davidsan and ’I‘J:'e'chewey129 have studied the dye-sensitized photo-

oxygenation of the aliphatic amine triethylamine in various solwvents
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s 0

NICH,), 1 cons 0 N-CHO NICHs),
Wl 2252 o+ o
N(CH,), (TypeI) N( CH,), N{(CH,),
H D
(C)

'ozl(Type 1) TCHson
OH

N(CH:,)2 N(CH,),
0
N(CH,), N (CH,),
0
N(CH,),
0 — 0 N(CH )
N(CH,), NICH,),

Scheme 126

(A) (B)

using different sensitizers. It was found,129 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 which each pathway proceeded. At high amine concentrations
a Type I process predaminates and at lower amine concentrations reaction
via a Type II process becomes important. The reaction was also found to
be markedly dependent upon solvent, oxygen concentration and sensitizer.
Matsuura and cc>-workers130 have also shown that both Type I and Type
IT 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
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addition, products of phenoxy radical coupling are also found and the
overall reaction, involving both Type I and Type II mechanisms, can be

summarised as in Scheme 1.27.

HO hy,sens, 0, 0=§:><00H —_— o=§:>-0

1
l’sens/ 0, H

o= = =0

Scheme 1-27

It is clear fram the examples cited above that careful mechanistic
analysis is required in order to correctly assign the mechanism for a
given photo-oxygenation reacticon. Indeed this is often an extremely
difficult task. Use of specﬁoswpic methods may be used to study the
radicals derived fram 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 where the reacticn
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 cames
fram the finding that the product distribution fram é dye-sensitized
reaction®® is the same as that for the analogous reacticn carried out
using singlet oxygen generated by, for example, the hypochlorite-
peroxide system.69 Hdwever, as the products of both Type I and Type IT

1

reactions may be the same 30 it is necessary to evaluate all experimental

results very carefully.

(b) Quenching of Singlet Oxygen

Several types of campound have been found to physically deactivate,
or quench, singlet oxygen without undergoing any appreciable chemical
reaction. Campounds which possess this capability include tertiary

amines such as 1,4-diazabicyclo-[2.2.2]-octane (DABCO) ,131 azide ions132

and B-carotene. 133

Utilisation of these quenchers has been extremely
useful in mechanistic studj.es where the inhibition of a photo-oxygenation
reaction, by inclusion of the quencher in the reaction medium, has been
taken as good evidence for the intermmediacy of singlet oxygen.

However these carpounds, which are capable of que.ncl'ﬁ.r;g singlet
axygen, have also been found ﬁo be efficient quenchers of the singlet and
triplet states of cfiyes.134 Thus any retardation which is cbserved upon
addition of a singlet oxygen quencher to a photo-oxidation reaction may
well be due, to same 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
publication by Davidson and Pr:att]'35 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) when carrying out kinetic

investigations of dye-sensitized photo-oxygenation reactians.
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(c) Determination of the Lifetime of Singlet Oxygen and Reactivity

Parameters

In steady state experiments, usually carried out at a constant oxygen
concentration by bubbling oxygen through a solution of an acceptor A,
singlet oxygen 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.
1 kg 3
02 — 02 (1.50)
1 ke
A+ !0, — A0, (1.51)
kr[A]
b, =1, =T (1.52)
A02 = 702 4+ kr(A]
where:- kdq = rate constant for the natural decay of singlet
oxygen,
kr = rate constant for reaction of singlet oxygen
with acceptor A,
q’AOz = quantum yield for product formaticn,
$1p, = quantum yield for singlet oxygen production,
and [A] = concentration of acceptor A.

The reactivity éf an acceptor with singlet oxygen can be expressed as
a ratio of the rate constants kgq/kr (or B-values) cbtained experimentally
fram the slope/intercept plots of 1/<I>A02 versus 1/[A]. Therefore steady
state techniques 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
experimental conditions. However, the results of such experiments 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

-61-



variation in lifetime of singlet oxygen with solvent. By utilising
time-resolved techniques the lifetime and reactivity parameters of
singlet oxygen in various solvents have been further elucidated.

Adams and Wilkinsan3® and Merkel and Kearns'®? have developed methods
for probing the reactivity of a variety of |substrates with singlet 1 oxygen.,

136,137 .n oxygenated solution of Methylene Blue was

In this procedure
excited by a pulse of light fram 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
efficiently with singlet oxygen104 as previously shown in Equation

1.36.) The rate of decay of singlet oxygen has been shown to be independ-

6

ent of the sensitizer employed.13 As the rate constant for reaction of

DPBF with singlet oxygen is known the lifetime of singlet oxygen in the

particular solvent can be calculated.]'38

In order to determine the rate
constant for the reaction of a given campound with singlet oxygen, a
known amount of the campound 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 campounds, which are soluble
in organic solvents, to be determined. An excellent campilation of such
data has recently been published.'3?

The lifetime of singlet oxygen has been found to be highly solwvent
dependent and of particular interest are the observations that the life-
time is often significantly grééter in deuteriated campared with non-

40

deuteriated solvents. 1 Thus if a reaction involwves singlet oxygen a

change fram 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 iso£OPe effects provides a powerful means of identifica-
tion of singlet oxygen in many photo-oxygenation reactions. However,

in order to cbserve the maximal solvent isotope effect the concentration
of the acceptor A has to be carefully selected in order to ensure that

the condition ka>kp[A] is met.141

With regard to ascribing the
cbservation 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 photophysical properties of
the sensitizer with change in solvent ccutposition.141
A recent advance in determining the lifetime of singlet oxygen in
solution has been achieved by Peters and RodgersM?‘ who used direct
time-resolved measurements of the luminescence fram the 'Ag—’Ig
transition of oxygen at 1270 nm in sewveral solvents. This technique has
subsequently been used by several groups to determine the lifetime of

143-145

singlet oxygen in a wide range of solvents and Table 1.4 gives

several examples of the values thus obtained.

TABLE 1.4
Solvent Lifetime of Singlet Oxygen (us)
H,0 2(a)
D,0 68.1+2.5(b)
CeHg 26.7+1.3(b)
CeDs 550+11(b)
CH,CN 54.4+1,3(0)
CD,CN 600+33(P)
CH ;COCH 46.5+2.0(b)
CD3C0OCD; - 690+20(b)
CH,Cl, 100¢(©)
CCl, 900(e)
CHCl, 160+6(d)
CDCl, 3600+150(d)

(a) Reference 140; (b) Reference 144;
(c) Reference 143; (d) Reference 145.
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(d) Photo-Oxidations involving Electron Transfer Reactions

A number of electron rich campourds, for example enamines, have been
shown to react with singlet oxygen in a different way fram less electron

rich cau;:m.mds.112
these reactions may proceed by way of electron transfer fram the electron

It has been suggested by Foote and co-workers1? that

rich molecule (D) to singlet oxygen, to give a radical cation-oxygen
ion pair or charge-transfer complex (D-0,-). The recambination of the
ion pair could react either to give the product (DOz) or undergo back
electron transfer to quench singlet oxygen as shown in Equation 1.53.

. - DO,

D+'0, — D"+ 07 Tor (1-53)
D+ 0,

Tt has been shown'*® that tetramethylphenylenediamine (TMPD) undergoes
a one-electron transfer to singlet oxygen to yield the superoxide anion
and the radical cation of ™PD 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 campounds can undergo electron transfer reactions to ground state
molecular oxygen under direct, or sensitized, irradiation conditions was

147 1t was found®*? that flash

first realised by Davidson and co-workers.
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 flash-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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cbservations and is shown in Scheme 1.28.
hv T
(CH,),C0 —— (Ciiy)CO

Y

(CH),COM + AN —» (CH,), €0 + ArN

(CHy),C0 + 0, —= (CH,),CO + O,

- +.

07 + AN — Ar,N + 0,

V. +- -
also  Ar,N hv.0,, Ar,N + O

(where Ar,N= tri-p-tolyamine)

Scheme 128

Subsequently a similar electron transfer process has been suggested
by Foote and co-workers 4® to account for the photo-oxygenation of
alkenes ard sulphides sensitized by 9,10-dicyancanthracene (DCA). The
DCA sensitized photo-oxygenation of substrates such as tetraphenyl-
ethylene, trans-stilbene and diphenylsulphide was investigated in

oxygenated acetonitrile solution. 148

A mechanism involving electron
transfer, rather than singlet oxygen, was invoked. It was suggested that
the singlet state of DCA abstracts an electron fram 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 (DO,) 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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h s, D -
DCA % DCA™ —» [DCA” + D*]
),
DCA + DY+ 0]
DO,
Scheme 129

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

Recently evidence has been provided by Schaap ard co-worke.rs149 to
substantiate the rdle 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

chemiluminescence studies. 149

150 that the

It has recently been suggested by Foote and co-workers
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 (Scheme 1.30), although the exact mechanism of
benzaldehyde formation fram MB° and TS! was not established.150

The above r:eport150 re-emphasises the point that dye-sensitized photo-
éxygenations cannot automatically be interpreted as singlet oxygen
reactions, especially when the reactions are very slow or when high

129,134,141

substrate concentrations are used as this may lead to the

intervention of radical processes.
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MB? + 1T —  2CH,CHO

102 E» Negligible reaction

Scheme 1-30

Aiso of relevance are the findings that same 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. Elosin151 has
been estimated to yield ~1% O,+ and Rose Be.ngaJ.,152 either in solution
or bourd to a polymer, has also been shown to yield O,¢. Little is
known regarding the chemical products resulting fram electron transfer
from dye to oxygen, although dye bleaching is often associated with this
reaction and the products arising due to the latter phencmenon may well
quench singlet oxygen.

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

3 The addition of dyes, such as Rhodamine B or Methylene

spectroscopy.15
Blue, to the reaction mixture containing the semiconductor leads to
N-dealkylation of the dyes via a mechanism suggested to involwve the

153 The use

radical cation of the dye and the superoxide radical anion.
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 same time. These detrimental effects include, for @énple,
membrane damage, mutagenesis, interference with metabolism and
reproduction, all of which can be lethal to the organism con;:erned.
Photodynamic action is not solely confined to lower organisms in the
Animal and Plant Kingdams as evidence of its effects are also apparent
in higher species. An excellent review article covering this topic has
appea.r:ed154 and same representative examples of the possible réle 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 ard tryptophan is shown to occur via mechanisms
involving singlet oxygen, although in some instances, deperding upon the
conditions, both Type I and Type II processes may operate.l54 For
example, the photo-oxygenation of tryptophan gives a camplex mixture of

products, with N-formylkynurenine being reported as being the primary
122

product which subsequently urndergoes secondary reactions, (Equation
1.54).
9
T CH,CHCOOH hv,sens,0, @c ~CHCOH
( I N] | NH,
| NH, ?J-CHO
H H

l

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.n(l)

Nucleic acid derivatives have been shown to underéo photo-oxidation
processes, although the primary products are poorly known dué to their

terdency to undergo further reactions and often only products of

154 155

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, which upon

warming breaks down to the cleavage product, (Scheme 1.31).

H 0
*N | CeHs hv, sens, 0, )K“,C Hs

o*"rlq CH, | o)\N/'\CH
H ;
-60°CN [ O o0oH f A
H\N CoHs
0 NZ C H,
L. -
Scheme 1-31

Lipid oxidation is probably the cause of the membrane damage associated
with photodynamic action, although the products of such reactions have

75(1)

not been identified in all cases. An imporﬁant example of lipid

peroxidation is that of the photo-oxidation of cholesterol in porphyric
exythrocytes."s(f) 1 Erythropoietic protoporphyria (EPP) is a disorder
which is brought on in susceptible patients by exposure to sunlight and

results in edema, erythema and lesions. The oral administration of g-
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carotene, a known singlet oxygen quencher, greatly diminishes the photof
sensitivity of EPP patients. The red blood cells of EPP patients, which
contain large amounts-of free protoporphyrin, are haemolysed upon
irradiation with visible light via the phbto-oxidation of membrane
camponents. The photo-oxidation product of choleéterol (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 membranes in EPP patients.

A photodyhanti.c approach has been used in the treatment of neonatal
jaundice which is a cammon problem among newborn, in particular premature,

infants.1%%

Neonatal jaurdice is caused by a lack of glucuronyltrans-
ferase, an enzyme which catalyses the conversion of the lipid-soluble
pigment bilirubin to the water-soluble conjugate with glucuronic acid.
If allowed to go unchecked bilirubin accumilates 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
deperds 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
example, tryptophan—2,3—dioxygenase catalyses the oxidation of tryptophan
to N-formyl-L-kynurenine (Equation 1.55), a reaction which 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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0

_ ftryptophan-2,3- __  C-CH cHCOO"
| CH,CHCOO dioxygenase %
N NH ) g L
| + 2 : IIQ-CHO
" H (1-55)

in the enzymic reaction (Equation 1.55). Indeed it has been suggested
that free single£ oxygen is generated in biological oxidations.
catalysed by mono- and dioxygenase systems and that it is this species,
singlet oxygen, which ultimately transforms the substraté into oxidation

products. 156

However, further investigations have failed to show that
singlet oxygen is produced in such systans75(1) 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-
mediacy 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 which 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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PHOTOCHEMICAL, REACTIONS OF (x-KETO-CARBOXYLIC ACIDS
INTRODUCTION -

Preface

The following sections contain a review of the literature pertaining
to both the direct (Section 2.1) and the dye-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 TRRADIATICN OF (¢-KETO-CARBOXYLIC ACTDS

2.1(i) PYRUVIC ACID

Vesley and ]:.ee::ma.kers1 have shown that irradiation of pyruvic acid,
in the vapour phase, leads to an extremely efficient photodecamposition
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).

hy, 3
CHCOCOOH 22T CH.CHO + €O, + CO + CH, (21)

S0mmHg, 80-85°C
65%  100% 1-2% 1-2%

The mchaﬁisrn 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 cbserved photoproduct acetaldehyde, (Scheme 2.1).

Photodeocmpositiqn via the four-membered transiticn state does have
an analogy to the photo-enoclisation of biacetyl in aqueous solution, as
described by Le:ma.'i.re,2 in which the enol arises by an internal hydrogen

abstraction reaction fram a highly strained four-membered transition
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four-membered
(HCOCO0H =~ ——0°C  CH,-C -

C
transition state | ~ ('J

five- membered
fransiticn state

0
~ ) g
CH,-C - E | co, CH:,CI.
0

6),9°

Scheme 2-1

configuration in the triplet state, (Equatian 2.2).

OH
hy | .
CH,C0COCH, — CH,C0—C=CH, (2:2)
H,0

However, Vesley and Leemxakersl favour a mechanism involving a five-
membered transition state, with the intermediacy of a hydroxy carbene
because (i) this configuration of the transiticon state is probably that
of the ground state (for maximum hydrogen bonding) , thus little
rearrangement need take place in the excited state to get to the
transition state; and (ii) by analcogy to the Norrish Type II process,3
hydrogen is initially becaming bonded to oxygen rather than carben. The
finding that nitrogen, axygen or ethylene, (at pressures up to 50 mm of
Hg) had no effect on the 1:'eacticon,1 indicates that the reacticn must be
very fast and thus may involve an upper excited singlet or triplet state.

Turro and co-x.vcrk‘e.rs4 have provided evidence to support the mechanism
involving the five-membered transition state, as proposed above, by the

ocbservation of a C,H,O peak in the mass spectral breakdown of pyruvic
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acid, (Equatian 2.3).

" / "
(H,0C00H — (H,—C-C ——— L + (0, (23)

0

Pyruvic acid undergoes an entirely different series of photareacticons
in soluticon, when campared to those encountered in the vapour state, as
exemplified by the following literature reports, all of which refer to
photoreacticn under decxygenated conditians.

Leermakers and Vesley,”’® and Kendall and Leermakers,’ have shown that
in hydrogen dmating solvents such as iscpropanol, methanol, t-butanol,
chloroform or diethyl ether, pyruvic acid is photoreduced with high
efficiency to yield dimethyltartaric acid via the dimerisation of an

intermediate ketyl radical, (Equaticn 2.4).

(|JH
OH S CH,—C— COCH
hy I dimerisation O
CH,C0C00H — | CH,—C—COOH - (H, —C - COOH
RH | |
OH
(2-4)

Using electron spin rescnance spectroscopy, Fujisawa and co-wcrk'ers8

have cbserved the intermediate ketyl radical fram the photolysis of
pyruvic acid in iscpropanol. Several other reports have appeared which
confirm the existence of such a radical in these systems.9
Wh_en methanol6 was utilised as solvent for irradiation of pyruvic
acid, in additicn to the formation of dimethyltartaric acid other photo-
products are cbserved, namely a solvent adduct 2-meth$zl—2,3-di.hydroxy-
propanocic acid, carbon diaxide and small amounts of acetoin, (Equation

2.5).
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oH
I OH

| hyMeOH  CHy~C—COOH |
(HOOOH ———  "° | " | 4 -C-COOH + (O,
($=0-96 20-08) (H,~C— COOH I
3 (H,OH 55%
OH L1%
37% ¥
o (2:5)
CH,(H—COCH,
trace

The quantum yield for the producticn of carben dicxide was found to
be highly solvent dependent.6 Leermakers and Vesleys’6 made no attempt
to isoclate any solvent dimer (which is presumably present in reactions
utilising hydrogen ddnating solvents) , or any other solvent.adducts,
apart fram the 2-methyl-2,3-dihydroxypropanocic acid formed when methanol
was the medium for reaction.

Pyruvic acid was faund to be photochemically inert when irradiated in

benzene solution, 5.6

and this was attributed to the absence of abstract-
able hydrogen atams in this solvent. However, the additicn of benzhydrol,®
a good hydrogen dcnor,lo to benzene solutions of pyruvic acid, brought
about the photcreduction of the latter to dimethyltartaric acid and the

formation of benzpinacol in relatively high yield, (Equation 2.6).

OH
hy, CH —r — e
(H,COO0H ——2t-  C(Ho=C—COOH (G, C-OH
(CHy,CHOH  (H-C—COOH  (CH),—C—OH (26
T
OH
65% %
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lvk'.:m:oe11 has suggested the photoreduction of pyruvic acid to be
entirely analogous to that cbserved for biacetyl. For example, Bentrude
and Darnall,]'2 and Urry and Trec:ker13 have shown that irradiation of
biacetyl in isopropanol gives acetone, plus a nearly quantitative yield
of a mixture of diastereameric pinacols in approximately equal amounts,

(Equation 2.7).

h (IH“ ?*3
CH.COCOCH, + CH,=CH = O —- CHy=C=C—C=C= CHy + CH,00H,
] n
OH 0 OHOHO (2-7)
98%

It is clear, fram the above reports,5'6’7 that photoreduction is an
extreme.ly important pathway for the decamposition of pyruvic acid in
hydrogen donating solvents. However, the photoreaction of pyruvic acid
in aqueous solution is far more intriguing and leads to a remarkable

transformation, the mechanism of which is obscure.14

15 reported that an aqueous solution of pyruvic

Lieben and co-workers
acid decamposed upon irradiation to give acetaldehyde and possibly
acetic acid, (Equation 2.8).

hy

CHLOCOOH -~~~ CH,COOH + CHCHO (28)
2

This finding’® conflicts with the result obtained by Dirscherl,®'1?

who claimed that the products of the aqueous photodecamposition of

pyruvic acid were acetoin and carbon dioxide, (Equation 2.9).

CH,COCOCH M CH,—CH—-C—CH, » (O, (2:9)
H,0 I '
OH 0
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Leermakers and Vesleys’6 later confirmed the cbservations made by

16,17 4nd in addition to the photoproducts acetoin and carban

Dirscherl,
diaoxide, small amounts of acetaldehyde and possibly biacetyl, were also
detected. The latter two products were suggested to arise fram the
photodecanposition of acetoi_n.6 The reaction in aquecus solution was
presumed to be analogous to that occurring in the vapour state,1 and a
mechanism postulated5 involving concerted decarbaxylation 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).

cHcoc0oH 9L g L CHoCH—C~CH, « CH,CHO
($=0-79 % 0-05) (IJH a
85% trace
(yield not
accurately determined )
ofH. T 3
" \ -COo _F
H,~-c_ (0 —. s=C
IN_/ OH
X d
| -
Scheme 2:2

Although no concrete evidence has been put forward to validate the

above mechanism, Monroe14

suggests that dimerisation of the hydroxy
carbene is the less likely process since it could rearrange to
acetaldehyde or react with water. The proposed mechanism predicts that
when pyruvic acid is irradiated in non-hydroéen donating solvents,
acetoin should be formed. However, when benzene is employed as solvent,

pyruvic acid is photochemically inerl:;s’6 a discrepancy which may be due
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to an extreme difference in the solvation of pyruvic acid in benzene and
in water.14 |

Kendall and I.eexjmakers7 have shown that the photoreduction of pyruvic
acid in solvents containing abstractable hydrogen atams is quenched by
1,3-pentadiene, a poor singlet but good triplet que.nche.l.:',18 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,6 which shows two near-ultraviolet absorption maxima; an n-m* band
in the 300-350 nm region with low, and solvent dependent, extinction
coefficients showing a blue shift in polar solvents, (Table 2.1); and a

m-1* band which occurs at 200 nm in water with an extinction coefficient

of 2100.
TABLE 2.1°

Solvent n-m* Agax (nm) €
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
Acetonitrile?? 337 16.9
Deuterium axide?! 324 -

The emission spectrum of pyruvic acid, in an ethanol glass at 77 K,
shaws two well defined phosphorescence bands; the 0-0 band at 423 nm and
the 0-1 band at 455 nm, the former corresponding to a triplet energy of
68 Kcal. As the phosphorescence was found to be more intense than that
cbserved for benzophencne, which has a quantum yield of 0.8,% it was

sugested that pyruvic acid undergoces intersystem crossing with a high
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degree of efficiency, possibly equal to unity, and as such the excited
n-T* triplet state was designated responsible for photochemical reaction.

Gibson 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 benzcophenone, and propose that the photo-
chemistry of pyruvic acid proceeds fram the lowest excited singlet state.
Therefore the triplet yield of pyruvic acid is not known with any degree
of certainty.

Closs and Miller?’ 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

6:7  Photoreduction of triplet pyruvic

in hydrogen transfer reactions.
acid by both iscpropanol and acetaldehyde in acetonitrile solution was
also cbserved.?! 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 formation of 2-hydroxy-2-methyl-acetocacetic acid.

It is known that 2-hydroxy-2-methyl-acetoacetic acid undergoes rapid

2 (Closs and Miller?! found

acid-catalysed hydrolysis to give acetoin.?
2-hydroxy-2-methyl-acetoacetic acid to be photochemically inert in

acetonitrile (under the experimental conditions employed in their CIDNP
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0

CHC0000H — e  CHC- + - COOH
a-Cleavage
. f')H
CH,COCOCH + -COOH — CHs£|'.° + (0,
| COOH
o 0 o
CHL-+ €=, —=  CH,C-C=CH,
COOH | COOH
Scheme 23

study) and suggested that acetoin is not a primary photoproduct of
pyruvic acid in aquecus soluticn, but arises fram the facile hydrolysis
of 2-hydroxy-2-methyl-acetoacetic acid, which was found to be the
primary photoproduct in all solvents. This result may offer an explana-
tion as to why acetoin is not formed in other photolyses of pyruvic acid

5,6,16,17 If acetoin does

apart fram those employing water as solvent.
arise fram 2-hydroxy-2-methyl-acetoacetic acid in agqueocus soluticon, and
should the latter prove to be photochemically inert in other non-reducing
solvents, as it is in acetc:rn.i.t::‘j.le,21 then the photodecampositicn 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 implies that when benzene is utilised as solvent, 2-hydroxy-2-
methyl-acetoacetic acid should be formed; but Closs and Mille::21 also

found pyruvic acid to be photochemically inert in this solvent.>’8
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2.1(ii) PHENYLGLYOXYLIC ACID

Schénberg and co-worke.x:‘s23 have reported that phenylglycxylic acid is

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

CH,(OCOOH —— [ CeHs-

- ~COOH
sunlight

H | \Pi merisation

o—Me

OH
CHs- C:—COOH
CHe~ €~ CO0H

OH

(2-10)

Fujisawa and c<3~w01:kers8 have dbserved the intermediate ketyl radical
in an electron spin resocnance study of phenylglyoxylic acid.

Leermakers and Vesley6 have shown that phenylglyoxylic acid, upon
irradiation in water, gives benzaldehyde and carbon diaxide as the major

products, with only trace amounts of benzoin being detected, (Equation

2.11).
OHO
hy | n
C,H,COCOCH IE CH,CHO + (O, + CGHS-(II-C- CeHs (2:1)
H

60% 95% trace

Although the photoreduction of phenylglyoxylic acid23 is similar to
that reported for pyruvic acid,5—7 the aqueous photodecamposition of the
two a-keto-carbaxylic acids iis different; benzaldehyde being the
principal product fram phenylglyoxylic acid,6 whereas the main isolable

product fram pyruvic acid is acetoin.6 The cbservation of benzaldehyde
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in the former reaction could be raticnalised on the basis of hamolytic
loss of carbon dioxide with subsequent recambination of the benzoyl
radical and a hydrogen atam. However, such a cage mechanism will not
account for the formation of acetoin fram pyruvic acid in the latter
reaction.

Fram spectroscopic studiess the excited state responsible for the
photodecamposition of phenylglyoxylic acid has been ascribed to the
triplet. Similar to pyruvic acid, phenylglyoxylic acid shows two near-
ultraviolet absorption bands; an n-m* band at 337.5mm in water (e= 48)
and at 376 nm in benzene (¢=77), and a m-1* transition at 262.5nm in
water (€=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 unj.ty,6 and hence the
triplet state of the acid has been designated responsible for photo-

reaction.

2.1(jii) IONG CHAIN (x-KETO-CARBOXYL.IC ACIDS

Evans and Leermakers?? have shown that irradiaticn of a-keto-decanoic
acid in benzene solution affords hept-l-ene and pyruvic acid via a
Norrish Type II° elimination, (Scheme 2.4).

13,25 a~keto-decanoic acid does not

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

trations of quencher.24 This is in direct contrast to aliphatic ketones
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hy,CH

6 6

H).C-COOH ——==2 CH(CH,),CH=CH, + CH,COCOOH
CH3‘C 2)75 (¢=0.21) 3 H24 2 3

\ / c5H11

CHCH,), - CH ~TH, = CH, -

H COOH
Scheme 2:4

which undergo Norrish Type II reactions and show between 10-40%
unquenchable photoelimination fram the singlet state. 26
In an earlier report by Dirscherl,17 a-keto-pentanoic acid produced

butyroin when irradiated in aqueous solution, (Equation 2.12).

h
CH,CH,CH,(0000H — CH,CH,CH~CH —C = CH,CH,CH, (212)
2
OH O

30-40%

The low yield of butyroin may have been due to a campeting Norrish

Type II photcelimination.

2.2 DYE-SENSITTZED PHOTO-OXYGENATION OF x-~KETO-CARBOXYLIC ACIDS

De Kok and Veeger27‘ reported the effect of light on flavoproteins in
the presence of a—keto-éarbmcylic acids. The formation of a species,
detected by absorpticn 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-Amino-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-1* transition
being excited, an electron transfer fram 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 performed using light of 390 nm (which
excites the flavin system) in the presence of isotopically labelled
[3-1*C]l-pyruvate, the thin layer chramatogram of the reaction mixture
showed that the radicactivity was associated with the flavin, supporting
the hypothesis of an irreversible addition carpomd.27 The authors did
not find any evidence for adduct fommation on replacing the flavoprotein
with free flavocoenzymes.

Later, Brustlein and Hen'me:c:i.ch28 found that aqueocus solutians of 3-
methyllumiflavin containing pyruvic acid, or its sal_ts, gave an addition
canpound 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-1,5-dihydroflavin, which was isolated fram the reaction
mixture, (Equation 2.13). In order to account for the above cbservations,
two mechanisms were proposed; one involved a 'hydride' transfer (i.e.
transfer of a proton and two electrans in one step) from the pyruvic acid

to the flavin, whilst the second involved group transfer with concerted
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loss of carbon dicxide. The feasibility of the above mechanisms was not
explored.

Breslow’® cbserved that pyruvic acid in the absence of oxygen, under-
went a photo-decarbaxylation reaction when irradiated in the presence
of thiamine, and proposed that the mechanism involved the initial
formaticn of an addition product which subsequently decarbaxylated.

The formation of a thiamine - pyruvate adduct, possibly of an ion-pair
nature, was later confirmed by Gibson and Tumbull,?® although these
authors were unable to detect any photochemical decarboxylation of
pyruvic acid in a system sensitized by thiamine.

Recently, the non-enzymic photo-axidation of p-hydroxyphenylpyruvic

30,31

acid has been studied as a model for the action of p-hydroxyphenyl-

pyruvic acid dicxygenase, which catalyses the conversicn of p-hydroxy-

phenylpyruvic acid into hamogentisic acid.:32 Lindblad and co—mrker333

have shown that atmospheric oxygen is incorporated into both the hydroxy

moiety and the carboxyl group of hamogentisic acid. These author:s33
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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,3* to yield hamogentisic acid, (Scheme 2.5). A similar

mechanism was first suggested by Goodwin and Witkop.35

CH,COCOOH

. * .
0,
HO—@-CH2COCOOH — o@(**
| 0CH

Enzyme/ 0, \
et
0—0/‘— ~c-0)
0 H

*

CH,COQH o,

¥
HO OH ®
~— CH,COOH
Homogentisic 0=©<*
] OH
acid
Scheme 2-5

Saito and co—mrkersso have studied the dye-sensitized photo-oxygena-
tion of both the enol and keto forms of p-hydroaxyphenylpyruvic acid. The
Methylene Blue sensitized photo-oxygenation of the enol form in methanol
resulted in the rapid consumption of an equimolar amount of oxygen and
the formation of p-hydroxybenzaldehyde and cxalic acid. Rose Bengal
sensitized photo-oxygenation of the keto form in phosphate-buffer (pH 7.0)

gave three products; the quinol intemmediate, 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 wnw into hamogentisic
acid. Thus when the photo-axygenated mixture was made alkaline, without
further, isolation of the intermediate quinol, hamogentisic acid was
cbtained in greater than 25% yield, based on the amount of reacted keto
form of p-hydroxyphenylpyruvic acid, as outlined in Scheme 2.6.

A mechanism involving singlet oxygen was invcxkeds0 fram the observation
that the addition of known singlet axygen quenchers, DABCO and sodium
azide, led to a decrease in the rate of ‘photo—oxygenation of p-hydroxy-
phenylpyruvic acid. The rate of disappearance of the keto form of
p~-hydroxyphenylpyruvic acid was found to increase six-fold in going fram
water to deuterium oxide and this also was attributed to the participa-

tion of singlet oxyge.n.‘?’o

Thus it was suggested, fram the quenching
studies and the solvent isotope enhancement, that a large proportion of
the photo-oxygenation of the keto form of p-hydroxyphenylpyruvic acid
leading to the quinol intemmediate was a singlet oxygen mediated reaction.
However, the possibility that a radical process involving triplet
sensitizer may also be operating could not be rigorously excluded.30
Whether free singlet oxygen participates in the enzymic reaction is still
unclear, but the results show that the mode of oxidation of p-hydroxy-
phenylpyruvic acid catalysed by the enzyme,33 is very similar to that
observed in the dye-sensitized reaction,30 and the latter provides
chemical support for the proposed mechanism of the enzymic reaction.
The cne-electron reduction of oxygen is also a possible way in which
oxygenases might activate oxygen for reaction with organic substrates. 36
The superoxide anion is invcked in the mechanism for the hydroxylation of
organic substrates by the liver-microsamal-P450 systan.37 Accordingly,

Jefford and Cadby31 have studied the reaction of p-hydroxyphenylpyruvic
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acid with potassium superoxide in dimethylsulphoxide, and report the
producticn of carbon diaxide and the p-hydroxy derivatives of phenylacetic

acid, benzaldehyde, benzoic acid and phenol, (Equation 2.14).

<$.8.5.9-

CH,COCO0H CH,LO0H  CHO COOH
15-5% 26% b2% 155%

OH

(2-14)

The absence of hamogentisic acid in the product mixture means that this

33 Jefford and Cadbysl

reaction is not a model for the enzymic process.
propose that the products arise by two pathways involving dioxygen
species behaving as radical and/or nuclecphilic reagents, (Scheme 2.7a),
the benzoic acid and phenol derivatives being produced by the further
oxidation of p-hydroxybenzaldehyde, (Scheme 2.7b).

An important class of mono-oxygenases are those which require a-keto-

glutaric acid as a cc>factor.38

Biological oxidation is catalysed by the
metalloenzyme so that hydroxylation of a substrate (SH) is effected by
half a mole of molecular oxygen while the other half is taken up by
a~-keto-glutaric acid which acts as a reductant, (Equation 2.15). The

details of the general scheme are presently not known. 3°

SH + 0, + HOOCCH,CH,COCOCH

Enzyme

Fo2* Ascorbic acid (2-15)

SOH + CO, + HOOCCH,CH,COOH
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(where -0 = -0, -0" or - OH)

Scheme 2:7a

It has been suggested by Harru'.lton40 that a-keto-giutaric acid is
converted by oxygen to per-succinic acid which subsequently brings about
the axidation 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 camplexation has been implied in order to render molecular oxygen

acceptable to the a-keto-carboxylic acid function.40

HOOCCH,CH,CO0CO0H + 0, — HOOCCH,CH,CO,H « CO,

SH o (216)

HOOCCH,CH,COOH + SOH

Jefford and co-m:rkers41 have studied the reaction of singlet oxygen
towards a-keto-carboxylic acids in order to determine the plausibility
of the above hypothesis.40 Both oxidative decarboxylation and peroxy

acid fomation occurred when a variety of a-keto-carboxylic acids were
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irradiated in oxygenated acetonitrile solutions containing the dye

Methylene Blue,*! (Table 2.2).

TABLE 2.2

o-Keto-carbaxylic | Photolysis % Q02 Products (%)
acid time (h) evolved

HOOC (CH3 )  COCOCH 19 45 HOOC(CH2 ), COCH (45)

CH; (CH2) 3 COCOCH 40 51 CH; (CH, ), COCH  (45)

HOOC CH, COCOCH 19 32 HOOC CH, COCH  (60)

CeHs~COCOOH 19 0 ncne

t-Bu-COCOCH 23 100 t-Bu~COCH (95)

The participation of singlet oxygen was inferred in these reactions
fram the cbservation that light, oxygen and dye 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
B-carotene slowed up, but did not halt the reactions. Although the
colouration of starch-iocdide paper pointed to the formation of per-acids,
their isolation was not possible, and the authors‘j’1 suggest that as fast
as the per-acid was formed, it was decamposed by fufther reaction with
the parent a-keto-carboxylic acid. The evidence for this assumption
canes fram the finding that instantaneous decarboxylation of a-keto-
valeric acid to butyric acid occurred after equimolar mixing with per-

benzoic acid, (Equation 2.17).

CeHsCO,H + CH,(CH,),COC00H —= C_H,CO0H + CH,(CH,),CO0H « CO,

(2:17)

-99-



Phenylglyoxylic acid, which was found to be photochemically inert under
the reaction conditions employed (Table 2.2), did undergo reaction with
pei'-benzoic acid in a similar manner to a-keto-valeric acid, (Equation
2.17). A mixture of phenylglyoxylic acid and oa-keto-valeric acid was
photo-axidised and after methylation of the reaction mixture, methyl
benzoate and methyl butyrate were detected as products. The authors41
concluded that singlet oxygen oxidatively decarbaxylates 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 pramptly fragments liberating

carbon diaxide, benzoic and butyric acids, (Scheme 2.8).
CH,(CH,),COCO0H + 0, ———= CH,(CH,),COH « CO,

CH,COCOOH

;
CH,(CH,), - c-0
CH,(CH,),CO0H + C,H,COOH + CO, =— 0/0
n

|
C H,-C—C—0OH
|

OH

Scheme 2-8

As a-keto-glutaric acid and the per-succinic acid are mutually
destructable, it was suggested’l that for selective oxidaticn of a
biological substrate the per-acid must be discretely immobilised by being
bound to an enzyme, and the above mechanism (Scheme 2.8) was put forward
to provide an indication of how oa-keto;glutarate-dependent mono—oxygenase

systems may operate. 41
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Davidson®? subsequently found that the decarboxylation of a-keto-
glutaric acid, and its anion, could be sensitized by Methylene Blue and
other dyes such as Rose Bengal, in the absence of oxygen. In same.cases
the presence of oxygen led to a retardation of the decarboxylation
reaction, and in others to the production of greater than cne mole of

carbaon dioxide per mole of o-keto-glutaric acid consumed, (Table 2.3).

TABLE 2.3 '
State of acid Solvent Yield (%) of CO.
Methylene Blue | Rose Bengal
N> 0, N, Oz
Free Methanol 25.5 | 31.5
Free Acetonitrile 59
Pyridinium salt | Methanol/ 33 58 . 100 84
Pyridine
Pyridinium salt | Acetonitrile/ nane 120 72 200
Pyridine

These results (Table 2.3) established that a reaction pathway exists
in the dye-sensitized decarboxylation of a-keto-carbaxylic acids which
does not involve singlet oxygen. The alternative route for decarbaxyla-
tion clearly involves the attack by an excited state of the dye (suggested
to be the triplet42) upon the a-keto-carboxylic acid. The previous
observaf:ion41 that addition of B-carotene retards the decarboxylation may
be due to its quenching action on either singlet axygen or the excited

42,43 It was noted42 that -in

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

o-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.45 A

Davidson's proposal42 of a dye-acid interaction and the finding that
more than one mole of carbon dicxide was evolved, were later confimmed
by Jefford and co-workers® in a study of the Rose Bengal sensitized
decarboxylation of a number of a-keto-carboxylic acids in acetonitrile/
pyridine solution. The authors46 found that the photo-excited dye alone
brought about decarboxylation, but when oxygeri was present, extra

1 was attributed to

decarboxylation occurred (Table 2.4), which again4
the involvement of singlet oxygen on the basis of a solvent isotope

effect of 3.63+£0.46 in deuterium oxide as campared to water.

TABIE 2.4
4-Keto-cart lic acid Yield (%) of CO; Products under
oxygen
N» 02
a-Keto~-glutaric acid 90 125 Succinic acid,
Hydroxypropionic
acid, Malic acid,
Oxalic acid
Pyruvic acid 5 50 Acetic acid
a-Keto-butyric acid 3 100 Propionic acid
o-Keto-valeric acid 7 75 Butyric acid

To account‘ for the high yields of carbon dioxide, and the other
products formed fram a-keto-glutaric acid (Table 2.4), it was suggested
that this acid exists as a lactol tautamer that is preferentially
oxidised by the ‘c.iye, to give the lactol radical, which reacts to give the

cbserved products, (Equation 2.18).
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1

Dye” + QOH —_ D.Ye -H « 0 &0 -32— Products
0 0" “COOH

0 COOH
(2-18)

Further evide.nce46 supporting the dye-acid inte::‘action42 canes fram
the observation that when the acid and dye are immobilised 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»—workers47 have studied the reaction of a-keto-glutaric
acid with singlet oxygen generated by the triphenyl phosphite-ozone
reaction and microwave discharge. In each case the yields of carbon
dioxide and succinic acia were similar, and this was taken as evidence
for the participation of singlet oxygen in the dye-sensitized photo-
oxygenation of a-keto-glutaric acid, (Table 2.5). An interesting
cdbservation in the latter reaction was that the addition of an alkene
to the reaction mixture led to the fommation 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 trioxalone intermediate which transfers oxygen to the alkene was
postulated, (Scheme 2.9). The authors47 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 intemmediate dioxygen acceptor.

Sawaki and Ogata48 have recently confirmed that the dye-sensitized

photo~oxygenation of o-keto-acids leads to the epoxidation of alkenes,
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but have questicned the rdle of the previously suggested tricxalone

intermediate. 46

The epaxidation of a-methylstyrene was found to occur

in the Methylene Blue sensitized photo-axygenation of phenylglyoxylic

48

acid in acetonitrile solution. A reacticn proceeding by way of

photochemical a-cleavage leading to the formation of an acylperoxy

radical, which can effectively transfer an atcm of axygen to the alkene,

was favoured, (Scheme 2.10).

R-C"i’ 'COOH 0

DYE ' 3 ~ 8 \2
R-C-CO0H — <R-E—COOH) R-C00++ - COOH
1
0 0-0- 0
0;™R-C-COOH coc’
I Ve N\
0.
N\ / |
RCOO- + C— (7 <——R-C-00-C
\_./ N 1" )
0 0
Scheme 2-10
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Evidence for the above mechanism (Scheme 2.10) cames fram the finding
that the relative reactivities of the alkene with the acylperoxy radicals
derived fram the decamposition of the a-keto-carboxylic acid were
similar to those for epoxidation with benzoin (i.e. PhCO3+), and quite
different fram those for per-acid epoxidation.48

It is clear that ﬂue results obtained from in vitro, i.e. dye-
sensitized studies of a-keto-carboxylic acids, require careful
ratiocnalisation when being used as models for the in vivo or enzymic

processes, as the dye-sensitized reactions alone are subject to much

conjecture.

Summary
The direct and dye-sensitized photochemical reactions of o-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 study 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 photodecamposition. The effect of oxygen upon the
solution phase photo-decarboxylation of a-keto-carbaxylic acids has not
previously been studied, and was the subject of an investigation,
(Section 2.5).

Dye-sensitized photo-oxygenations of o-keto-carboxylic acids were
carried out to establish whether singlet axygen plays a significant rdle
'J'.n 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-INDUCED DECARBOXYIATION OF -KETO-CARBOXYLIC ACIDS
IN DEOXYGENATED SOLUTION

2.3(i) DECARBOXYIATION STUDIES

The photo-induced decarboxylation of pyruvic acid was found to be
highly solvent dependent and occurred in solvents, such as methanol,
which are capable of reducing triplet carbonyl campounds; higher yields
of carbon dioxide being cbtained 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 dioxide 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 carbon dioxide fram the direct irradiation‘® of
pyruvic acid (10"2M) under nitrogen, in various solvents

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

(a) 3h irradiation

TABLE 2.7

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

Yield (%) of carbon dioxide
O"Keto'cmlic acid (A) Methanol | (B) Acetcnitrile

6h 20h 6h 20h
Pyruvic acid 23.6 32.9 52.8 100
o~Keto-butyric acid 19.9 26.4 69.9 100
o-Keto-glutaric acid 13.2 19.3 76.8 100
3,3-Dimethyl-2-keto-butyric acid 12.8 41.3 40.8 62.7
a-Keto-valeric acid 15.0 22.8 10.0  43.3
a-Keto-pimelic acid 8.9 33.7 28.4 66.6
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in ammonia solution or in acetonitrile containing t-butylamine (4:1 v/v),

carbon dioxide was not evolved even after prolonged irradiation times.

TABIE 2.8

The effect of pH upon the yield of carbon dioxide fram the direct
irradiation(®) of aqueous pyruvic acid solutions (107! M) under argon

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

(a) l.5h irradiaticn
(b) adjusted with cancentrated sulphuric acid
(¢) pH of stock solution
(d) adjusted with triethylamine
The yields of carbon dioxide fram acetonitrile solutions of pyruvic

acid were increased by the addition of water (9:1 v/v), (Table 2.9).

TABIE 2.9

The effect of water upon the yields of carbon dioxide fram the direct
irradiation(®) of acetanitrile solutions of pyruvic acid, under argon

Pyruvic acid . o S
conCentration (M) Solvent Yield (%) of carbon dioxide
107! Acetonitrile 16.0
107! Acetonitrile/MWater 32.1
1072 Acetonitrile 16.8
1072 Acetonitrile/MWater _ 35.3

(a) 6h irradiation
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The addition of pyridine greatly enhanced the production of carbon
dioxide fram benzene solutions of pyruvic acid, whereas only a slight
enhancement was observed when the reaction was carried out in

acetonitrile, (Table 2.10).

TABIE 2.10

The effect of added pyridine (10"!M) upcon the yields of
carbon dioxide fram the direct irradiation(®) of benzene and
acetonitrile solutions of pyruvic acid (107'M), under argon

Solvent Yield (%) of carbon dioxide | Enhancement
l.
Benzene 6 } 17.2
Benzene/Pyridine 27.5
Acetonitrile 25.5 } 1.3x
Acetonitrile/Pyridine 33.1

(a) 9h irradiation

A most striking finding was that the ade.tJ.on 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 absorpticn
spectrum,49 (Fig. 2.1).

Enhanced yields of carbon dioxide were also cbtained from acetonitrile
solutions of pyruvic acid irradiated in the presence of variocus electron
acceptors, (Table 2.12).

Similarly, pyridine and l-cyancnaphthalene increased the yield of
carbon dioxide fraom irradiation of a-keto-glutaric acid in acetonitrile,

(Table 2.13).
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TABIE 2.11

The effect of methyl viologen (102M) upon the yield
of carbon dicxide fram the direct irradiation(®) of pyruvic
acid (1072M) in acetonitrile/pyride/water (8:1:1 v/v), under argan

Conditions Yield (%) of carbon dioxide
Methyl viologen absent 10.4
Methyl viologen present 20.3

(a) 1lh irradiation

TABLE 2.12

Yields of carbon dioxide fram the direct irradiation(®) of
pyruvic acid (102M) in acetonitrile, under argon, in the presence
of electron acceptors (1072M)

Electron acceptor Yield (%) of carbon dioxide
None 16.8
Pyrene 18.5
Dichlorodicyanoquincne 20.9
1-Cyanonaphthalene(P) 28.0
Tetracyancethylene 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 from (A)
S5-minute irradiation of pyruvic acid (5x 1072 M) in acetonitrile/
water/pyridine (8:1:1 V) solution containing methyl viologen

(1072 M) under argon, and (B) 30-minute irradiation of pyruvic

acid (5x1072 M) in acetonitrile/water (9:1 V/v) solution containing
methyl viologen (1072 M) under argon.
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TABIE 2.13

Yields of carbon dioxide fram the direct irradiation(®) of
a-keto-glutaric acid (10°2M) in acetonitrile, and acetonitrile-
pyridine solution (4:1 v/v) containing l-cyancnaphthalene
(1002 M) under argon

L Yield (%) of
Conditions carbon dioxide
Acetonitrile 11.8
Acetonitrile/Pyridine 37.8
Acetonitrile/Pyridine/1-Cyancnaphthalene 52.8

(a) 6h irradiation

2.3(ii) FLUORESCENCE QUENCHING STUDIES

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

of aramatic hydrocarbon fluorescence.

2.3(iii) FIASH PHOTOLYSIS STUDIES C

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
107! 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-quenchiﬁg rate .constant was evaluated as
~2x10*M™! s7!. 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 (~150ns) of the transient, fram pyruvic acid, in benzene solution.
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Triplet-triplet transient absorption spectra of pyruvic acid in
Triplet naphthalene produced by energy
transfer from triplet pyruvic acid (O).



The transients are quenched by oxygen and naphthalene, (Das and co-
workerssi1 have evaluated the rate constant for quenching by l-methyl-
naphthalene in aquecus acetonitrile as 5.6x 10° M™! s™!). The quenching
by naphthalene is accampanied by the appearance of triplet-triplet
absorption spectrum of naphthalene, (Fig. 2.2). Fram this cbservation
and also the fact that the transient derived fram pfruvic 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 naphthaléne as the triplet counter, and were found to be
0.88, 0.65 and 0.22 for acetonitrile, benzene and water soluticns
respectively. The value obtained for water as solvent matches that
previously cbtained fram phasphorescence measurements. 2°

The flash photolysis results confirm the report by Closs and Miller?l
that naphthalene behaves as a tri;;let quencher of pyruvic acid, but
surprisingly the triplet naphthalene produced in this way has a very
short lifetime (~145ns). Thus triplet naphthalene appears to be
deactivated by pyruvic acid. Since naphthalene quenches pyruvic acid at
close to the diffusion-controlled rate, and also fram the observation
that at times when 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 fram 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 pfoduces

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 mm.

(b) Decay of triplet pyruvic acid in deoxygenated
acetonitrile solution containing 5x 1072 M of
naphthalene monitored at 650 nm.

(c) Decay of triplet naphthalene monitored at 415 nm
produced by energy transfer fram triplet pyruvic
acid.
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produced as the naphthalene triplet decays. Precise measurements of
grow-in tJ.mes were difficult to evaluate due to the low optical density
of the transients. However, the grow-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
52,53

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 shown in

Scheme 2.11.
+
CH,CN :

OO + CHL0C00H —— O + (H,-C~COOH

T 0. (A)
CH,COCOOH

m;?r COOH

OH (B

Scheme 2-11

The addition of methyl viologen (Mv3*, 102M) to an agueocus
acetonitrile solution (10% water v/v) of pyruvic acid (107!'M) led, an
flash ﬁ)hotolysis, to the production of reduced methyl viologen (va,
identified by its absorption spectrum which shows a maximum at 620 nm and
by its long lifetime). Furthermore, the addition of methyl viologen had
little effect upon the fluorescence and triplet lifetime of pyruvic acid.
Thus the reduced methyl viologen is not predaminantly produced by reaction

of methyl viologen with excited pyruvic acid.

2.3(iv) DISCUSSION OF THE MECHANISM

It has previously been shown that pyruvic acid undergoes photoreduction
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in hydrogen donating solvents7 and photo~induced decarbaxylation in both

5,6

hydrogen and nan-hydrogen donating solvents. The excited state

responsible for decarboxylation has been assigned by same to the

516121 and others to the singlet.?® on the basis of CIDNP

triplet
stuciies,21 carbon dioxide production has been suggested to arise via a

Type 1 process, (Equation 2.19).

(H,C000H e CHCO +-COOH  (249)

The quantum yield for carbon dioxide production has been shown to be
highly solvent dependent.6 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 dicoxide production does not occur via a simple 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 camparison of the quantum yields for triplet production fram pyruvic
acid with carbon dioxide yield (Table 2.6) shows that the decarboxylation
reaction is unrelated to the triplet yield. If the Type 1 reacticn is an
important mechanism of radiationless 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 cambination. Such a
process should not be significantly more efficient in benzene campared
with water because of the similarity in their viscosities (0.649 and
1.002 cP respectively54) . However, the triplet lifetirde of pyruvic acid
in water and benzene was found to be similar.

Fram 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, which subsequently undergoes an electron transfer
reaction with ground state pyruvic acid leading to the production of
naphthalene radical cation and pyruvate radical anion, (Scheme 2.11).

To account for the effect of solvent upon the yields of carbon dioxide
it is proposed55 that the photo-induced decarboxylation reaction occurs
via electron transfer fram an excited state of pyruvic acid, or its
anion, to another molecule of pyruvic acid, (Equation 2.20). It is
canceivable that a similar electron transfer reaction occurs for other
o-keto-carboxylic acids, (Table 2.7).

* . .
[€H,COC00H] + CH,COC00H — CH{~C—COOH + CH,CO + H™+ CO, (220

l
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 low
polarity of the sol@t , and to the almost negligible concentraticon of
pyruvate anion. The addition of small amounts of pyridine should
facilitate the decarboxylation reaction (by forming same 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 envircnment to aid electron

transfer. 56,57

Fram the flash photolysis study, pyridine was found to
suppress the self-quenching reaction of pyruvic acid, and as suf:h 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 same

pyruvate anion, (Equation 2.21).

-121-



CH,COCO0H + H,0 —= CH,C0C00" + H,0* (2-21)

Fram the above rééults it can be seen that deca;:boxylation is
increased when small amounts of pyruvate anion are produced in the
solution. However, the decarboxylation of pyruvic acid showed a marked
pH dependence, (Table 2.8), becaming inefficient under alkaline
conditions. This shows that when pyruvic acid exists mostly in its
anicnic 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 pyricf!.ine55 catalyse the ,decarboxylation
of pyruvic acid, and the observation of a pH dependency upon the latter
reaction, have been confirmed in a subsequent pub].icatic:n."‘8

The formation of reduced methyl viologen (MV®, Fig. 2.1) is attribut-
able fo electron transfer fram a ;*:educed species [(A) and/or (B)] of

pyruvic acid, (Scheme 2.12).

(A) cn;?—coou + MV?® —~ (H,COCOOH + MV?

0.
(B) CH;Ci—COOH . MV — CHS-&;—COOH « MV?
OH . OH

Scheme 2-12

Fram the laser flash photolysis study it was found that reduced methyl
viologen is not produced by direct reaction of methyl viologen (1072 M)
with an excited state of pyruvic acid (107'M), which reflects the higher
concentration of the pyruvic acid and its ability to accept an electron.

Unfortunately 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 photoreactions of pyruvic acid. It is possible to ratiocnalise the
formation of reduced methyl viologen via a Type 1 mechanism, (Equation
2.19). This requires that species such as CH;CO 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).

CH,C0C00H — CH,CO + - COOH
(HJ00 + MV?* —= CH,C0* + MV?
-COOH + MV** — H* . €0, + MV®

Scheme 213

It is noteworthy that the photochemically unreactive t-butyl-pyruvate
was capable of forming reduced methyl viologen when 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 decarbaxylation 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 electron transfer mechanism. Addition of methyl viologen
-to aqueous acetonitrile-pyridine solutions of pyruvic acid sensitized the
photo-induced decarboxylation (Table 2.11), which :an}icates that electron
transfer fram the pyruvate anion of pyridinium pyruvate to methyl
vioclogen is effective in carbon dioxide production. Table 2.12 shows
that known electron acceptors can sensitize the decarboxylation of
pyruvic acid. Carpouhds such as 9,10-dicyancanthracene (DCA) have been

58

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).

h CH,COCOOH |
DCA — DCA” 3—,—9 DCA™ + (cnac—coorl )
0
&
'
CH,(0+ CO,+ H*

Scheme 2-14

That the fluorescence of aramatic hydrocarbons can be quenched by
o~keto carboxylic acids suggests that an energy transfer proéess is
occurring, although an electron transfer contribution to the quenching
cannot be ruled out.?® a-Keto-carbaxylic 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 campeting
process for reaction with relatively weak electron acceptors. This
reaction would leaﬁ to inefficient decarboxylation whereas electron
transfer fram the acid to the electron acceptor will result in efficient

decarbaxylation, (Equation 2.22).

electron transfer
O, ~C~ CO0H foadd oy cocoom
0. electron transfer
from acid
(2-22)

CH,- E-COOH
0
+.

X
CH,CO + CO,+ H*

Summary
Fram laser flash photolysis and decarboxylation studies, it is
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proposed that the photo-induced decarboxylation of a-keto-carboxylic
acids such as pyruvic acid occurs via electron transfer fram 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 (X-KETO-CARBOXYLIC ACIDS

As the excited state responsible for the decarboxylation reaction has

been assigned to both the singlet?® and triplet,®’®’?!

the following
investigation was performed in an attempt 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 shown in Table 2.14.

TABLE 2.14

Yields of carbon dicxide fram the direct irradiation of
a-keto-carbaxylic acids under nitrogen in (A) methanol and
(B) acetconitrile solutions containing naphthalene (0.5x107* M)

Yield (%) of carbon dioxide

o-Keto-carbaxylic acid | (A) Methanol/Naph. (B) Acetonitrile/Naph.

(1072 M) 6h 20h 6h 20h
Pyruvic acid - 23.6 32.9 43.1 86.3
o-Keto-butyric acid 16.2 22.3 50.0 84.5
o-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 camparison to the yields of carbon diaxide in the absence of
naphthalene (Table 2.7), it can be seen that the addition of naphthalene

to the solutions in same 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-carbaxylic acids in order to ascertain the mechanism
by which naphthalene can enhance the carbon dioxide production. In these
experiments all the incident light led to excitation of the n-m*

transition of the a-keto-carboxylic acids.

2.4(ii) PYRUVIC ACID

The photo-induced decamposition of pyruvic acid was monitored by 'H
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 photodecamposition. However, the rate of photodecamposition in
deuterated benzene was exceedingly slow, and the addition of naphthalene
brought about an increase in the rate of disappearance of the acid, (Fig.
2.5). The photodecamposition of pyruvic acid in benzene has previously

been shown to be inefficiet1t5’6’21’55

and these results are confirmed.
The effect of added triplet quenchers, naphthalene and myrcene, upan
the quantum yield for carbon dioxide production was studied in aceto-
nitrile and benzene soluticns and the results shown in Figure 2.6. The
effect of cyclchexa-1,3-diene upon 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,55 the slope of the Stern-Volmer plot can be

calculated if it is assumed that energy transfer occurs at the diffusicnal
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Irradiation of pyruvic acid (10°!M) in (a) deuterated
acetanitrile solution (QO), (b) deuterated acetonitrile
solution containing naphthalene (1072M, V), (c)
deuterated benzene solution (+), and (d) deuterated
benzene solution containing naphthalene (1072M, O),

under nitrogen.
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Quantum yields for carbon dioxide production fram Sh irradiation of
pyruvic acid (2 x 1072 M) in the presence of varying amounts of quencher,
(a) naphthalene in acetonitrile solution (O), (b) naphthalene in
benzene solution (A), (c) myrcene in acetonitrile solution (+), and
(d) myrcene in benzene solution (O), under nitrogen.
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controlled limit of 3x 10 M™! s™!, and for acetonitrile gives a Kgy
value of 3000, and for benzene-a Kgy value of 2240. i-Meﬂﬁ.ymaphthalene
has previously been shown to quench pyruvic acid with a quenching
constant of 5.6x 10° M™! s™! which is close to the diffusional controlled
limit.%? The observed slope of the Stern-Volmer plots (Figs. 2.6 and 2.7)
give a Kgy value of 850 for naphthalene quenching in acetonitrile and a
Kgy value of 3.3 for cyclohéxa—l,3-die.ne quenching in benzene. Fram these
results it is apparent that the quenchers are not quenching at the
diffusicnal controlled limit or else the quenchers are quenching triplet
producticon but enhancing carbon dioxide production via same 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 camparing this to the decrease cbserved
in the absence of quencher. The results are shown in Table 2.15, and in
same cases the quencher retarded, and in others accelerated the
decamposition of pyruvic acid. The !'H n.m.r. observation that naphthalene
accelerates the decamposition 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 aramatic hydrocarbons were found to
behave in the same way, (Table 2.16). That these campounds can aid the
.carbon dioxide production is shown by the results utilising benzene as

solvent.

2.4(iii) OTHER x-KETO-CARBOXYLIC ACIDS

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

Naphthalene and myrcene led to quenching of carbon diaxide production
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TABLE 2.16

Yields of carbon dioxide from irradiation(®) of pyruvic acid (107!M)
(A) in benzene solution and (B) in acetom.trlle solution containing
various aramatic hydrocarbons (10"2M) , under argon

Arcmatic hg Yield (%) of carbon leX'Lde
(10 (A) Benzene | (B) Acetonitrile
None 2.2 16.0
Naphthalene 19.9 1.9
2-Methylnaphthalene 21.9 2.2
2 ,3-Dimethylnaphthalene 32.3 : 5.9
2,6-Dimethylnaphthalene 34.5 ‘ 7.3
Phenanthrene 19.7 6.8

.(a) 6h irradiation

fram a-keto-glutaric acid in acetanitrile 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 fram the

excited singlet state. 61

However, naphthalene and myrcene were found to
have a marked effect upon the quantum yield of carbon diaxide production
from a-keto-octanoic acid in acetonitrile and benzene solutions (Fig.

2.9), and little effect upon the decamposition of the acid, (Table 2.15).
Cyclohexa—l,é-diene was found to accelerate the decamposition of o.-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 cyclchexa-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 Type II reaction leading to the formation of pent-l-ene

and pyruvic acid from the excited singlet state.61 The enhanced carbon

dioxide yields obtained from a-keto-octanoic acid could arise fram the
reaction of naphthalene with the triplet state of the acid, or fram
reaction of triplet pyruvic acid formed fram the Type II fragmentation of
o~-keto-octanoic acid. However, if carbon dioxide was a.rising' fram the
pyruvic acid produced via the Type II reaction, cne would expect to
cbserve 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 I reactiaon.

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 concentration, and in each case gave
a higher yield than in the absence of naphthalene, the enhancement being
most praminent 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 fram its singlet state, and the add:j.tion of naphthalene
to solutions of this acid quenches same 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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Yields of carbon dioxide production (O) and quantum yields of
decamposition of a-keto-valeric acid (1072 M ) from 4.5h
irradiation in acetonitrile solutions containing varying amounts
of naphthalene, under nitrogen.
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2.4(iv) THE MECHANISM OF DECARBOXYIATION

-

It has previously been shc::wn55 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* + CH,COCOOH —= NpH + CH,- C— COOH
0

+-

'
H,(0 + CO,» H*
Scheme 215

In order to raticnalise the effect of solvent upon the sensitization
of carbon dioxide producticn and the rate of photodecamposition of
pyruvic acid by quenchers such as naphthalene, the following mechanism

is proposed, (Scheme 2.16).

1 . .
(CH,COCO0H)' » CH,COCOOH — CHy=€ - COOH + CH,€0 + €O H*

0.
NpH |2

3 NpH

*

Quenching

CH, = (= COOH + NpH

0. wacocoon

NpH + CH,CO + (O, + H"
Scheme 216

In acetonitrile solution photodecamposition 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 v_ig route 2 which will reduce the carbon diaxide 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 enhancement 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 cambined effects of routes 2 and 3.

In benzene solution the photodecamposition of pyfmdc acid leading to
carbon dioxide production via route 1 is very inefficient and gives rise
to extremely low yields of carbon dicxide. 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 carbon dioxide yields are enhanced
by naphtha_llene, the contribution of route 2 may be small, and quenching
of tripleﬁ pyruvic acid leading to the formation of radicals via route 3
important. 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 carbon dioxide production.
| The balance between quenching of triplet pyruvic acid by haphthalene
leading to triplet naphthalene, and the subsequent reaction of triplet
naphthalene to give radical formation (and hence carbon dioxide productiocn)

will determine the quantum yield of carbon dioxide, i.e.

CH,COCO0H" + NpH —= NpH' + CH,COCOOH

CH,COCO0H + NpH — radicals — CO,

Therefore in retrospect the carbon dioxide yields, and rate of photo-

decamposition, are not particularly good guides as to the efficiency of
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quenching, since a number of triplet aramatic hydrocarbons sensitize
carbon dicxide 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
shown by the ability of naphthalene to quench the carbon dioxide produc—
tion fram acetonitrile solutions of pyruvic and a-keto-glutaric acids.

Thé ability of myrcene to quench the decamposition and decarboxylation .
of the a-keto-carboxylic acids will be dependent upon the relative
efficiency with which this quencher deactivates triplet production
giving rise to radical formation, i.e. a partioning effect between the
two reactions will be operative.

Cyclchexa-1,3-diene undergoes [2 + 2] cycloaddition reactions with

62,63 and the occurrence of this

pyruvic acid and a-keto-octanoic acid,
reaction would account for the abserved quenching of carbon dioxide
production and the accelerating effect that this campound exerts on the
disappearance of the acids. At high concentrations of cyclochexa-1,3-
diene, photo-addition can occur by reaction of the diene with the
excited singlet state of the acids,64 which accounts for the difference
in the Kgy value cbserved for reaction with pyruvic acid. A further
consequence of the occurrence of the cycloaddition reaction of the
excited singlet state of the acid is that the triplet yield éf the acid
will be reduced, and consequently the carbon dioxide yield also. At low
cancentrations 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 @q:lains;'the results cbtained with
pyruvic and a-keto-octanoic acids in the presence of cyclchexa-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 formaticn via a sensitization
process are not unique. It has previocusly been reported65 that if inter-
action of an excited state with "quencher" leads to product fontaticn '
rather than to other modes of decay, then "negative" Stern-Volmer plots
will be obtained. Such Stern-Volmer plots have been cbserved for piperylene
quenching of acetone sensitized reactions of trans--crotylchloride,65 and
for piperylene quenching of acetone sensitized rearrangement of ncarborna-

65,66 are discussed in terms of

diene to qv.J.r:u:i.r:'Lcyclene.66 These results
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-
thiourea.67 Irradiation of thionine in the presence of allylthiourea
produces the reduced form of thicnine, leucothionine. The addition of
the quencher azulene was found to dramatically increase the rate of the
reducticn process. Azulene was found to react with thicnine to produce
radicals, via an electron transfer process, which subsequently undergo
reaction with the allylthiourea and give rise to increased amounts of

leucothionine. 67

Sunmary
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 v_ié 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-carboxylic acid.
The results show 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
-KETO-CARBOXYLIC ACIDS

2.5(i) DIRECT PHOTO-OXIDATIVE DECARBOXYLATION

Pyruvic acid was found to undergo direct photo-oxidative decarboxyla-

tion in a wide variety of oxygenated solutians, (Table 2.17).

TABLE 2.17

Yields of carbon dioxide fram the direct irradiation(2) of
pyruvic acid (10"*M) under oxygen, in various solvents

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

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

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

The addition of small amounts of pyridine enhanced the decarbaxylation

of oxygenated benzene solutions of pyruvic acid, with only a slight
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TABLE 2.18

Yields of carbon dioxide fram the direct irradiation of
a-keto-carbaoxylic acids (1072M) under oxygen (A) in
methanol and (B) in acetaonitrile

o-Keto-carboxylic acid Yield (3) of carbon dioxide
(1072 M) . (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
o-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 (107!M) upon the yields of
carbon dioxide fram the direct irradiation(2) of benzene
and acetonitrile solutions of pyruvic acid (10"!M) under oxygen

Solvent Yield (%) of carbon dioxide Enhancement
Benz 14.1
ene } 3.4 %
Benzene/Pyridine 48.1
Acetonitrile 39.9 } 1.3
Acetonitrile/Pyridine 50.4 )

(a) 9h irradiation

enhancement being observed for similar acetonitrile solutions, (Table

2.19).

Thus the presence of same pyruvate anions of pyridinium pyruvate
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facilitates the decarboxylation 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
fram a-keto-carboxylic acids under oxygen, which after long irradiation
periods yields greater than one mole of carbon dioxide per mole of a-keto-
carboxylic acid caonsumed, (Table.2.18). ‘
It seemed reasonable to assume that under axygen the first mole of
carbon dioxide is derived fram the carboxyl group, whilst the second mole
arises fram the carbanyl group of the a-keto-carboxylic acid. To verify
this hypothesis, isotopically labelled pyruvic acids were employed,®®
(Table 2.20). It was found that 1-[!*C]-pyruvic acid produced labelled
carban dicxide in the presence and absence of oxygen, whereas irradiation
of 2-[!*C]-pyruvic acid gave rise to labelled carbon dicxide under oxygen,
with only negligible amounts being detected under nitrogen, fram aceto-

nitrile solutions of the acids, i.e:

0,/N, /CH (N
(H,C0"00H  ———— “co,
0, only/CH,CN
CH,'*COCO0H  — hy . o,
v

The second mole of carbon dioxide obtained under oxygen, could x;vell be
derived fram per-acetic acid, as per-acids are known to be intermediates
in the dye-sensitized photo-oxygenation of o-keto-carboxylic acids.41’47
Indeed per-acetic acid®® was found to undergo photo-induced decarboxylation
under the irradiation conditions employed, (Table 2.21).

The role 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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TABIE 2.21

Yields of carbon dioxide fram irradiation(®) of acetcnitrile
solutions containing per-acetic acid (0.032M) under oxygen
and argon

Conditions Yield (%) of carbon dioxide

Oxygen | 14.7
Argon 20.7

(a) 9%h irradiation

isotope effects cbtained in each case were small, (Table 2.22).
a-Keto-octanoic acid, which is capable of undergoiné the Type II
reaction, gave good yields of both pent-l-ene and carbon dioxide under
oxygen, (Table 2.23). That both axygen and naphthalene had little effect
an the yield of pent-l-ene produced fram the Type II fragmentation of
a-keto-octanoic acid would suggest that the Type II reaction occurs fram

the singlet state61 and not the triplet state as previously J:eported.24

TABLE 2.23

Yields of pent-l-ene and carbon dioxide fram irradiation(®) of
a-keto-octanocic acid (5x1072 M) in benzene solution under oxygen
and under argon

Conditions % Pent-l-ene % Carbon diaxide
Argon purged 46 14.6
Argon purged(P) 45 15.0
. Oxygen purged 38 69.9

(a) 18h irradiation
(b) containing naphthalene (1 x107%M)
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2.5(ii) DISCUSSION

In studies on the dye-sensitized photo-oxygenation of a-keto-carboxylic
acids it was found that, in many cases, more than one mole of carbon
dioxide was liberated fram one mole of the a-keto-carboxylic acid.‘!‘z’46
The results presented in Table 2.18 show that in the direct photo-induced
decarbaxylation of a-keto-carboxylic acids under oxygen, a similar
situation arises, i.e. more than cne mole of carbon dioxide is produced.
Fram the studies utilising isotopically. labelled pyruﬁlic acids (Table
5.20) it is clear that photo-oxidative decarbaxylation occurs fram both
the C-1 (carboxyl) and C-2 (carbonyl) positions of the a-keto-carbaxylic
acid.

Per-acids have been reported to be intermediates in the ’dye-sensitized
photo-oxygenation reaction of a-keto-carboxylic acids,41’47 and it is
proposed that the second mole of carbon dioxide (fram the C-2 carbonyl
position) is produced via a per-acid intermediate; per-acetic acid in

the case of pyruvic acid, (Equation 2.23)

h h
(H,COC00H 5~ CH,CO.H —=CO, + other products (2:23)
2

That per-acetic acid undergoes photo-induced decarboxylation under the
irradiation conditions employed was verified, (Table 2.21). The per-acetic
acid may also undergo sensitized decarboxylaticm in which the pyruvic acid
acts as sensitizer. It is known'C that per-acetic acid gives carbon
dioxide on direct irradiation in the absence of oxygen, and this was
canfirmed, (Table 2.21) . The per-acids so produced could also undergo a
Baeyer-Villiger reaction, but fram the yields of carbon dioxide théined
(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-axidative decarboxylation process. Fram the small soive.nt
isotope effects cbserved (Table 2.22), [if these are, in fact, true
solvent isotope effects], the difference in rate indicates that ]i_ttle,
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 cbserved if the a-keto-carboxylic acid generated singlet
axygen and immediately reacted with it, i.e. the reaction with singlet
oxygen did not involve a diffusional process. Previous‘maaasuranrents71 of
the rate constants for reaction of singlet axygen with a-keto-carbaxylic
acids suggest that because of their extremely low values, a large solven£
isotope effect should have been cbserved if singlet oxygenvwas involved.

The photo-induced decarboxylation of pyruvic acid in deoxygenated
soluticn does hot involve a Type I cleavage but occurs via a bimolecular

electron transfer process,55 (Equation 2.24).

(CH,COCO0H)' + CH,COCOOH —.ms-lt-com + (HyC0 + (O, H*

0- (2-24)

In the presence of axygen at a concentration approximately that of the

acid, electron transfer to oxygen could also occur, (Equation 2.25).

CH3C0C00HT + 0, —= CH,CO + CO,+ H" + O] (2:25)

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 silperoxide anion,
and the latter species may well participate in the photo-oxidative

31

degradation. It is also possible that per-acetic acid may suffer

further degradation by reduction with an electron derived fram either the
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excited pyruvic acid or the pyruvate radical anion, (Equation 2.26).
& + CHyCO,H —= HO™ + CO, + -CH, (2:26)

The above rationalisation can be applied to explain the photo-
oxidative decarboxylation of other a-keto-carboxylic acids which give
rise to greater than cne mole of carbon dicxide.

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
the intemmediate l,4-€h’..\:adical.72

The carbon diaxide generated in these reactions is probably coming

fram the pyruvic acid generated in the Type II process, (Equation 2.27).
CH,(CH,), COCOOH —™ CH,CH,CH, CH=CH, + CH ,COCOOH

02/N2 hv (2'27)

0,

Sumary.

a-Keto-carboxylic acids undergo direct photo-oxidative decarboxylation,
which hitherto is unreported.- Carbcn dioxide is produced fram 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 mechanism mediated via an

electron transfer process is postulated.

2.5(iii) SENSITIZED PHOTO-OXIDATIVE DECARBOXYLATION

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

The direct photo-oxidative decarboxylation of a-keto-carboxylic acids

73

has been suggested to involve an electron transfer mechanism. The

finding that electron acceptors can sensitize the decarboxylation

reaction lends credence to the reported mechanism. 73

The efficiency of
the decarboxylation reaction in the presence of sensitizer may, in same
cases, be less than that for the direct reaction. This would account for
the lower carbcon dioxide yields cbtained with sensitizers such as l-cyano-
naphthalene. A diffusicnal 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-carboxylic
acid. Such a diffusion process could also lead to an apparent reduction
in the carbon dioxide yield when campared to the direct reaction, in which
the a-keto-carboxylic acids could break down in situ. As previously
discussed electron transfer fram the sensitizer to the a-keto-carbaxylic
acid could be a campeting process and lead to a reduction in the amount of
carbon dioxide produced when campared 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 diaxide production via electron acceptors, .

/ R—f’—coon + EAT
b |

R-COCOOH + EA"

\ R-C—COOH » EA”
0

o
hv 02 . +
CO, + other products <— RCO;H <——— RCO + CO, + H
H donor

(EA) .

Scheme 2-17

Superoxide anion, formed by electron transfer fram either the pyruvate
radical anion 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 campounds that can take part in hydrogen abstraction

processes has been further investigated by using acridine as sensitizer.

2.5(iv) ACRIDINE SENSITIZED PHOTO-OXIDATIVE DECARBOXYLATION

Acridine was found to sensitize the photo-oxidative decarboxylation of
various o~-keto-carboxylic ac;ids, (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 which 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
observed when 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 acridihimn pyruvate, is
a pre-requisite for decarboxylation of such systems, and the addition of
pyridine decreases the amount of protonated acridine, by a campeting
process forming pyridinium pyruvate, and leads to a decrease in the yield
of carbon diaxide. 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 dicxide under oxygen, and to one mole of carbon dioxide fram
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 fram irradiation of o-keto-valeric acid
(10°2M), (A) in acetonitrile solution and (B) in acetonitrile
solution containing acridine (10~ 2M), under oxygen and argon

Conditions Yield (%) of carbon dicxide
(A) Acetonitrile (B) Acetonitrile/Acridine
Sh 20h %h 20h
Argon 16.7 24.4 100 |- 100
Oxygen 98.7 | 112.7 142.5 | 180.3
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FIG. 2.11

Fluorescence spectra of acridinium ion produced in acetonitrile
solutions of acridine, excited at 392 nm, by the gresence of varying
amounts of pyruvic acid (1) 5x1073 M, (2) 1x107* M, (3) 1.5x107%2 M,
(4) 2x1072 Mand (5) 3x1072 M. [No fluorescence was cbserved for
neat acridine solution.]
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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 fram each acid. Similar
irradiations under argon led ﬁo the production of greater than one mole

"of carbon dioxide in each case. Again the yields of carbon dicxide are
substantially higher in the presence of acridine when campared to the
yields cbtained fram the direct irradiation.

o-Keto-glutaric and o-keto-pimelic acids both contain a second
carbaxylic acid group, and it would appear that the third mole of carbon
dioxide produced fram irradiation of such acids under oxygen may originate
fram 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-decarbaxylation of such acids would lead to the production of
greater than one mole of carbon dioxide, which would indicate that carbon
dioxide can arise fram both the carboxylic acid functions. As can be seen
fram Table 2.27, acridine was found to sensitize the production of
greater than one mole of carbon dioxide fram irradiation of acetonitrile
solutions of glutaric and pimelic acids, under oxygen and argon. No
decarbaxylation occurred in the absence of acridine. |

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

I

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 fram irradiation of glutaric and
pimelic acids (10"%2M respectively) in acetonitrile solution
containing acridine (10°2M), (A) under argon and (B) under oxygen

Dicarboxylic acid Yield (%) of carbon dioxide
Z2

(107" M) , (A) Argon (B) Oxygen

%h 20h %h 20h

Glutaric acid 92.6 | 125.9 | 110.5 | 159.9

l?imelic acid 84.1 117.4 111.7 164.5

previously been :t:eported74 that carboxylic acids are decarboxylated when
irradiated in the presence of acridine, with the formation of addition

products, (Equation 2.28).

H R
RCOOH + hv, . 0,  (228)
N |
H

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

Intramolecular decarboxylation was also found to occu:c,74

(Equation

(CH,).COH ‘ |
w QLD o e
N til |
H

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

2.29).

Acridine is known to be weakly basic in its ground state, but shows a
marked enhancement of basicity in its first excited singlet state.”®
Thus it was sug‘gested.74 that acridine upon irradiation, probably via its

singlet state, captured the hydroxyl proton fram the carboxylic acid and
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formed an excited camplex of acridinium and carboxylate ions, the
subsequent decarboxylation of which produced an ion-pair whose cambination

gave the addition product, (Scheme 2.18).

p— —‘*
00 - o = [AGC
N |
H--:0-C-R
0

H R
~N
LD — | D |
! )
H H  ge

Scheme 2-18

The authors74 considered an alternative mechanism involving radicals,
whereby proton transfer was followed by electron ejection fram the
carboxylate ion to the acridinium ion; the alkoxy radicals so generated
would lose carbon dioxide and cambination of the radicals, produced
within a solvent cage, would give the addition product. The finding that
the decarboxylation of 2,2-diphenylpropionic acid did not lead to products
of phenyl migration (Scheme 2.19) which would be expected to occur if a
2,2-diphenylmethyl radical was involved, led the authors74 to favour an
ionic mechanism. However, the lack of product arising fram phenyl
migration may be due to an extremely efficient radical recambination
process.

It has previously been suggested76 that the decarboxylation of
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Scheme 219

carboxylic acids such as N-phenylglycine with acridine as sensitizer,
occur via an electron transfer process fram 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 authors’® show 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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N hv AN -
O , + Ph=NHCH,COOH — O , + Ph=NHCH,COOH
N N *-

Scheme 2-20

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

Fram 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 fram both carboxylic acid groups, (Table
2.27). It is possible for this to occur by initial hydrogen abstraction)
fram one of the carboxyl groups followed by either ionic or radical
(involving electron transfer) reaction leading to decarboxylation.
Recarbination of the species produced would give the acridine addition
product which could then undergo an intramolecular decarboxylation, fram
the second carboxyl group, and hence give rise to the production of the
second mole of carbon dioxide, (Scheme 2.21).

In the case of the a-keto-carboxylic acids it is possible that an
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9 N\, + Hoocepcoon = (L))
N

|
H-+0 ~C~(CH,), COOH
0

—

ionic or l radical process

(CH,), COCH
CO, + other products <hl- 0 N O + (0,
| I
(where n=3or5) H

Scheme 2-21

electron transfer process to the acridinium ion causing decarboxylation
and radical formation could occur. The acyl radicals produced fram
initial déca.rboxylation of the a-keto-carboxylic acid could be intercepted
by oxygen to form per-acids which subsequently undergo decarboxylation

to give the second mole of carbon dioxide. Radical recambination would
lead to an acridine addition product, which could give rise to the third
mole of carbon dioxide via intramolecular decarboxylation, (Scheme 2.22).
Alternatively, a mechanism involving an ionic process may be in operation.
Unfortunately, time did not allow a closer evaluation of the mechanism.
Utilising 5-{'"C]-a-keto-glutaric acid would verify the production of
carbon dioxide fram the "distant" carboxyl group, .and a thorough product

study may elucidate the reaction mechanism which is involved

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

be sensitized by electron acceptors, in accord with the postulated

mechanism for photo-oxidative decarboxylation. The reaction can also be
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hv
O \, + RCOCOOH — O f,
N N

H---"0 -E-COR
L. 0] -

lE.g. radical process

0,\H donor

. hv
R-+ CO, + OH -— R-'C'-OOH
0

Ho<R R=-(CH,), COOH or - (CH,},COOH
= (0, + other products
N intramolecular decarbaxylation
o x
H

Scheme 222

sensitized by campounds capable of undergoing hydrogen abstraction
reactions. In the case of acridine the decarboxylation mvolves the

lom* state of the sensitizer, and when the structure of the a-keto- i
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 X-KETO-CARBOXYLIC ACIDS

-

2.6.1 THE ROLE OF SINGLET OXYGEN

41,46,47 have suggested that singlet oxygen is »

Previous reports
involved in the dye-sensitized photo-oxygenation of a-keto-carbaxylic

2and

acids. However these findings have been subject to specu.lation,4
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 previocusly been report:ed‘lz’46

that in many cases greater than cne
mole of carbon dioxide is produced per mole of a-keto-carboxylic acid,
and the results shown in Table 2.28 confirm this. The second mole of
carbon dioxide has been suggested to arise fram the breakdown of per-acid

intermediates in these reactions.‘u"46

The yields of carbon dioxide fram
acetonitrile/pyridine solution campared 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 fram metal ion
impurities as previously cla:imed.44 Further experiments were performed

to evaluate if singlet oxygen is involved in these reacticns.

2.6.1(ii) SOLVENT ISQOTOPE EFFECTS

The lifetime of singlet oxygen is appreciably longer in deuterium
oxide than in wai:er,77 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 consumption by polarography78
in both deuterium oxide and water, and the results are shown in 'Table
2.29. It is readily seen that the reactions display a remarkably small
solvent isotope effect, and for oxidation 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.

2.6.1(iii) IASFR FTASH PHOTOLYSIS STUDY >

The rates of reaction of a-keto-carboxylic acids with singlet oxygen
were measured using the method developed by Wilkinsan®® and Kearns®! in
which the a-keto-carboxylic acids coampete for singlet oxygen with 1,3-
diphenylisocbenzofuran. The results are shown in Table 2.30. Laser flash
photolysié 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. The transient appears to be
the same as that observed by Kayser and Ym.mc_:;,82 i.e. a radical derived
fram 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 shown J.n 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 B-carote.ne41 (a known

quencher of singlet oxygen, but also a quencher of the excited singlet
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TABLE 2.30°°

L

Rate constants for reaction of a-keto-carboxylic acids with singlet
oxygen and Methylene Blue in aerated methanolic. solutions(2)

a-Keto-carboxylic acid Singlet oxygen Methylene Blue

kq/L mol™! 571 | kq/€ mol™! s7!
Phenylpyruvic acid <7 x10° (P 3x108
a-Keto-glutaric acid 3-4x10° 6.5x10°
3,3-Dimethyl-2-keto-butyric acid ca. 1x10° 4.5x10°8

(@) The solutions were flash photolysed (A =694 nm) using 15ns,
1 J single pulses fram a Q-switched ruby laser

®) The formation of transient species absorbing at the

monitoring wavelength of 410 nm made it difficult to measure
the bleaching of the 1,3-diphenyliscbenzofuran. Thus the
acid concentration was kept as low as possible but this
introduces large errors and, therefore, only an upper limit
for this rate constant can be given.

and triplet state of dyes43) , and (b) the dbservation of an apparent

30,46

solvent isotope effect. Decarboxylation has been shown to occur in

the dye-sensitized photo-reactions of a-keto-carboxylic acids in the

absence of oxyc_:;en,42 , 46

and therefore the possibility exists that in the
photo-oxygenation reactions, decarbo:qlation can arise by more than one
mechanism. Using 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 r8le of singlet oxygen in the
photo-axygenation reactions to be ascertained.

Fram the laser flash photolysis study (Table 2.30) it is clear that the
a-keto-carboxylic acids react far more efficiently with triplet dye than
with singlet oxygeh. The availability of the rate constants shown in

Table 2.30 enable meaningful solvent isotope studies to be carried out and
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analysed.83
If singlet oxygen is solely responsible for oxidation the kinetics of

the reaction will be described by equation _2.30.83

-d[Acid]/dt = I 071 kq[Acid]/(kq +kq[Acid]) eee. (2.30)
where: I = Light intensity,

&1 = Triplet yield of dye,

kd = Unimolecular decay constant for singlet oxygen.

Since the kq values for the a-keto-carbaxylic acids are so low, the
use of a low concentration of the acid, e.g. 1 x10°*M, will mean that the

rate of reaction is largely controlled by kg. Thus the rate of reaction

should be considerably higher in deuterium oxide (kg =5 x 10" s~1)84

85

than
for water (kq=5x10° s71) [More recently a kq=3x 10* s~! has been
reported for deuterium oxide.86]

Fram 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 oxidation is occurring predaminantly by the dye -a-keto-
carboxylic acid interaction and this is swamping the contribution made
by the singlet oxygen reaction. From equation 2.3183 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] _ Ng I &7 ky [Acid]
dt (kd, + ko, [02] +kyr [Acid])

+

eeee (2.31)
No I &1 ko, [30,1] kq [Acid]

(Kd, *+Ko, [%02] + kr [Acid]) (kg + kq [Acid])

where: I = Light intensity,
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L) = Quantum yields of triplets for sensitizer,

kd = Unimolecular decay constant for singlet oxygen,
kd; = Unimolecular decay constant for the triplet dye,
ko, = Bimolecular rate constant for quenching of dye

triplets by axygen,
[302] = Concentration of oxygen in solution,

Nt = Fraction of triplet dye -acid collisions which
result in chemical 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.

Summary

The results reported here show that singlet oxygen plays little, if
any, role in the Rose Bengal and Methylene Blue sensitized photo-
axygenation of a-keto-carbaxylic acids. The dye -acid interaction is
cbviously an important reaction, but the fact that same of the reaction
may occur via an intemmediate such as the superoxide anion47 cannot be
ruled out. The finding that singlet oxygen is not involved in the dye-
sensitized photo-oxygenation of a—ketb—carbo;qlic acids 71 has subséquently

been confirmed in a later publication.48
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PHOI'O-OXIDATIVE DECARBOXYT_ATION OF O-KETO- CARBOXYLICACIDS

2.6.2 (i) DECARBOXYIATION STUDIES

Earlier reporl:s42 46

suggested that ’decarlsoxylation occurs when thé
reactions are carried out under nitrogen, i.e. in the absence of axygen,
and these findings prampted an investigation of the effect of oxygen
concentration upon the dye-sensitized decarboxylation of o-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 flow rate of approximately 10 mf/min:-
argon (zero oxygen concentration), pure oxygen, air, nitrogen (OFN) and
nitrogen (cammercial grade), [the latter two gases having axygen concen—
trations of approximately 0.001 and a maximm of 0.5% respectively]. The
dye used in each experiment was Rose Bengal obtained fram B.D.H. Chemical
Co. Ltd. lTables 2.31 and 2.32 show the yields of carbon dioxide obtained
fram a-keto-glutaric and pyruvic acids respectively, in both acetonitrile
/pyridine and methanol/pyridine solutions. The rate of axygen flushing
on the yield of carbon dioxide was studied in acetonitrile/pyridine
solutions of o-keto-glutaric acid (Table 2.31) and as can be seen a
faster flow rate of gas leads to a dramatic increase in decarboxylation.
The yields of carbon dioxide production fram the a-keto-carboxylic acids
under different axygen concentrations were found to be in the order of
air > oxygen > argon > nitrogen in each case.

The yield of carbon dioxide fram methanol/pyridine solutions of a-
keto-glutaric acid, sensitized by Rose Bengal from Eastman-Kodak Ltd.,
was studied under different oxygen concentrations and the results shown

in Table 2.33. From these results (Table 2.33) it is apparent that the
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TABLE 2.33

Yields of carbon dioxide fram irradiation of a-keto-glutaric
acid (2 x1072M) sensitized by Rose Bengal(®) (Eastman-Kodak) under
different oxygen concentrations in methanol/pyridine solution

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

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

(a)
(b)

Concentration = 0.02 g/25mf
Methanol/pyridine 4:1 Y

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

In each of the dye-sensitized decarboxylation reactions carried out
in this section, the a-keto-carboxylic acid -dye solutions were irradiated
fhrough a potassium chramate filter (2% aquecus solution), to ensure that
only the dye absorbed the incident light. Fram 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 when irradiated in the
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42,46

absence of oxygen was confirmed, although the yields of carbon

dioxide reported here (Tables 2.31, 2.32 and 2.33) are substantially
lower than those previously reported under anaercbic corditions.*2
However it later became apparent that the high carbon dioxide yields42
probably arose due to leakage of air into the systems stucilied,s'7 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
previously anticipated,42 the yields of carbon dioxide cbtained 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, 42,46

71

substantiating the claim that a dye -acid inter-
action?? 7! ig responsible for at least part of the decarboxylation
reaction. |

The cbservation of an oxygen concentration dependency upon the
decarboxylation reaction can be rationalised by reference to Scheme 2.23,
which shows the possible reaction pathways for the dye-sensitized
decanposition of o~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-carboxylic acid to give products via path 3. However,
singlet oxygen has previously been shown not to be involved to a
significant extent, if at all, in the dye-sensitized photo-mcygenation

reaction of a~-keto-carboxylic acids,48’ 71

and therefore paths 2 and 3 can
be excluded fram further discussion.
It is known that o-keto-carboxylic acids react with the triplet state

of dyes,71 and hence this could result in a radical process occurring via
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Dyeso —_— lJye,s1 —_— Dye.l.1 (1)
1 .
Dyey ‘0, — Dyeso + 0, (2)

1

0, + RCOCOOH —%— (0, + other produds (3)

y Dye' + R_'C-COOH
0.

Dye; + RCOCOOH (4)

‘ (BT

Dye” + R—C—COOH—= RCO + €0, + H*

0
RCO » 0, 19909 pcoH ™o o, 4 other products (5)
3
- 0 - RCOCOOH :

Dye"or R-C-COOH —2= 0, (0, + other products ( 6)

l

Q

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

by oxygen to yield per—acids‘u’46

which undergo decarboxylation giving
rise to greater than one mole of carbon dioxide,73 (path 5).

There is also the possibility that the superoxide anion could be formed
and take part in the reactions as shown in path 6.47

Under argon, decarbaxylation can only occur. by a radical pathway (path
4b) , as the concentration of oxygen in this system is zero.

Small concentrations of axygen are present when 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 low oxygen concentration radical scavenging will not

be very efficient and thus the contribution by paths 5 and/or 6 minor.

-178-



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 lower 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
campared to nitrogen, will lead to efficient scavenging of acyl radicals
which 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.
Superoxide formation will also be more efficient at this higher oxygen
concentration (path 6), and may lead to decarboxylation. Obviously more
triplet dye will be quenched at the higher oxygen concentration but this
is céunteracted by efficient radical scavenging by paths 5 and 6.

Quenching of triplet dye becames marked when the reactions are carried
out in pure oxygden, i.e. 100% concentration, and reduces the efficiency
of reaction via path 4 and hence decreased yields of carbon dioxide are
cbtained under oxygen as campared 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. 88,89

In the dye-sensitized oxidation of
amines88 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 anployed. However a rate enhancement or
retardation by decrease in oxygen concentratipn, e.g. reaction under pure
oxygen as campared to air, may indicate a radical pathway. Fram this
study88 it was observed that both singlet oxygen and radical pathways are

operative in the dye-sensitized oxidation of amines. It was also noted88
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that for high conversion of starting material to products, an acceleration
should be observed under lower oxygen ooncéntrations, i.e. oxygen campared
to air, if reaction is via a radical pathway, and this was fouhd to be the
case in the results reported here.

The rate of the dye-sensitized photo-oxygenation of tetramethylethylene
has been shown to be similar under axygen and air,89 as would be expected
for a reaction involving only singlet oxygen.88 However 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
oxygen ,89 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 observa-
tions‘ls’71 that the reaction does not involve singlet oxygen and that a
dye-acid interaction with radical intermediates is coperative, as shown
in Scheme 2.23.

Differences in the photo-physical properties of Rose Bengal obtained
fram various sources has been observed,go and would account for the
yields of carbon dioxide obtained fram B.D.H. Chemical Co. Ltd. (Table
2.31) and Eastman-Kodak Ltd. (Table 2.33) Rose Bengals respectively, in
the dye-sensitized photo-oxygenation of a-keto-glutaric acid. The above
observation, together with the finding that the yield of carbon dioxide
is dependent upon thé rate of flushing of oxygen through the solutions
(Table 2.31), shows that careful evaluation is required when camparing the

results obtained fram different laboratories, as a variation in results

may arise by overlocking these points.
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Sumary

The yields of carbon dioxide fram the dye-sensitized photo-oxygenation
of a-keto-carboxylic acids are dependent upon (i) the oxygen concentra-
tion, (ii) the source of the sensitizing dye, and (iii) the fl_ow rate of
oxygen. The results suppoft a mechanism involving dye —acid interaction
leading to radical formation rather than a singlet oxygen mediated

reaction.

-181-



REFERENCES

10.

11.

12,

13.
14.

15.
16.
17.

18.
19.
20.
21.

22,

G. F. Vesley and P. A. Leermakers, J. Phys. Chem., 68, 2364, (1964).

J. Lemaire, J. Phys. Chem., 71, 2653, (1967).

R. Norrish and M. Appleyard, J. Chem. Soc., 874, (1934).

N. J. Turro, D. S. Weiss, W. F. Haddon and F. W. McLafferty,
J. Amer. Chem. Soc., 89, 3370, (1967).

P. A. Leermakers and G. F. Vesley, J. Org. Chem., 28, 1160, (1963).

P. A. Leermakers and G. F. Vesley, J. Amer. Chem. Soc., 85, 3776,
(1963).

D. S. Kendall and P. A. Leermakers, J. Amer. Chem. Soc., 88, 2766,
(1966) .

T. Fujisawa, B. M. Monroe and G. S. Hammond, J. Amer. Chem. Soc.,
92, 542, (1970).

See reference 21, and references cited therein.

W. M. Moore, G. S. Hammond and R. P, Foss, J. Amer. Chem. Soc.,
83, 2789, (1961).

B. M. Monroe, Adv. Photochem., 8, 96, (1971).

W. G. Bentrude and K. R. Darnall, J., Chem. Soc. Chem. Commun., 810,
(1968) .

W. H. Urry and D. J. Trecker, J. Amer. Chem. Soc., 84, 118, (1962).

See reference 11, page 97.

F. Lieben, L. Lowe and B. Bauminger, Biochem. Z., 271, 209, (1934);
Chem. Abstr., 28, 5758, (1934).

W. Dirscherl, J. Physiol. Chem., 188, 225, (1930); Chem. Abstr.,
24, 3212, (1930).

W. Dirscherl, J. Physiol. Chem., 219, 177, (1933); Chem. Abstr.,
27, 4773, (1933).

L. M. Stephenson and G. S. Hammond, Pure Appl. Chem., 16, 125, (1968).

E. Gilmore, G. Gibson and D. McClure, J. Phys. Chem., 23, 399, (1955).

E. P. Gibson and J. H. Turnbull, J. Photochem., 9, 290, (1978).

G. L. Closs and R. J. Miller, J. Amer. Chem. Soc., 100, 3483, (1978).

See reference 21, and references cited therein.

-182-



23.

24.

25.

26,

27.

28.
29,

30.
31.
32.
33.

34.
35.

36.
37.
38.
39.
40.
41,

42,

43.

A. Schonberg, N. Latif, R. Moubasher and A. Sina, J. Chem. Soc.,
1364, (1951).

T. R. Evans and P. A. Leermakers, J. Amer. Chem. Soc., 90, 1840,
(1968).

W. H. Urry and D. J. Trecker, Tetrahedron Letters, 609, (1962).

For example, see P. J. Wagner and G. S. Hammond, J. Amer., Chem,
Soc., 88, 1245, (1966).

A. De Kok and C. Veeger, Biochim. Biophys. Acta, 131, 589, (1967).

M. Brustlein and P. Hemmerich, FEBS Letts., 1, 335, (1968).

R. Breslow, J. Amer. Chem. Soc., 80, 3719, (1958).

I. Saito, Y. Chujo, H. Shimazu, M. Yamanae, T. Matsuura and H. J.
Cahnmann, J. Amer. Chem. Soc., 97, 5272, (1975).

C. W. Jefford and P. A. Cadby, Helvetica Chimica Acta, 62, 1866,
(1979).

A. L. Lehninger, Biochemigtry, 2nd. Edition, Worth Publishers,
Inc., New York, 1975, p. 569.

B. Lindblad, G. Lindstedt and S. Lindstedt, J. Amer., Chem. Soc.,
92, 7446, (1970).

See reference 30, and references cited therein.

S. Goodwin and B. Witkop, J. Amer. Chem. Soc., 79, 179, (1957).
0. Hayaishi, M. Nozaki and M. T. Abbott, in 'The Enzymes', Editor
P. D. Boyer, 3rd. Edition, Academic Press, New York, (1975),

Vol. 12, p. 112,

Reference 32, p. 503.

B. Lindblad, G. Lindstedt, M. Tofft and S. Lindstedt, J. Amer. Chem.

Soc., 91, 4604, (1969).

For a review see:- M. T. Abbott and S. Undenfriend, 'Molecular
Mechanisms of Oxygen Activation', Editor O. Hayaishi, Academic
Press, New York, (1974), p. 167.

G. A. Hamilton, Prog. Bioorg. Chem., 1, 83, (1971).

C. W. Jefford, A. F. Boschung, T. A. B. M. Bolsman, R. M. Moriarty
and B. Melnick, J. Amer. Chem. Soc., 98, 1017, (1976).

R. S. Davidson, Tetrahedron Letters, 4181, (1976).

R. S. Davidson and K. R. Trethewey, J. Amer. Chem. Soc., 98, 4008,
(1976) .

-183-



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

B. P. Melnick, Ph.D. Thesis, University of Illinois, (1978).

J. Kagan, P. Y. Juang, B. E. Firth, J. T. Przybytek and S. P. Singh,
Tetrahedron Letters, 4289, (1977).

C. W. Jefford, A. Exarchou and P. A. Cadby, Tetrahedron Letters,
2053, (1978). )

R. M. Moriarty, A. Chin and M. P. Tucker, J. Amer. Chem. Soc., 100,
5578, (1978).

Y. Sawaki and Y. Ogata, J. Amer. Chem. Soc., 103, 6455, (1981).

P. Hyde and A. Ledwith, J. Chem. Soc., Perkin Trans. II, 1768, (1974).

The author wishes to thank R. S. Davidson and Ph. Fornier de Violet
(University of Bordeaux) for making these measurements.

P. K. Das, M. V. Encinas and J. C. Scaiano. Private communication
to R. S. Davidson.

J. Joussot-Dubien and R. Lesclaux, Israel J. Chem., 8, 181, (1970).

T. Shida and W. H. Hamill, J. Chem. Phys., 44, 2375, (1966).

S. L. Murov, 'Handbook of Phofochem;gtry', Dekker, New York, (1973).

R. S. Davidson, D. Goodwin and Ph. Fornier de Violet, Chem. Phys.
Letters, 78, 471, (1981).

R. A. Beecroft -and R. S. Davidson, Chem. Phys. Letters, 77, 77,
(1981).

E. A. Chandross and H. T. Thomas, Chem. Phys. Letters, 9, 397, (1971).

J. Eriksen, C. S. Foote and T. L. Parker, J. Amer. Chem. Soc., 99,
6455, (1979).

Miss J. E. Pratt, unpublished results.

B. Wladislaw and J. P. Zimmerman, J. Chem. Soc. (B), 290, (1970).

R. S. Davidson, D. Goodwin and Ph. Fornier de Violet, Tetrahedron
Letterg, 2485, (1981).

M. Hara, Y. Odaira and S. Tsutsumi, Tetrahedron Letters, 2981,
(1967) .

K. Shima, T. Sawada and H. Yoshinaga, Bull., Chem. Soc. Japan, 51,
608, (1978).
N. C. Yang, H. H. Man and S, A. Ballard, J, Amer. Chem. Soc., 93,

4056, (1971).

S. J. Cristol and R. P. Micheli, J. Amer. Chem. Soc., 100, 850,
(1978).

-184-



66. S. J. Cristol and R. L. Kaufman, J. Photochem., 12, 207, (1980).

67. U. Steiner, M. Hafner, S. Schreiner and H. E. A. Kramer, Photochem.
Photobiol., 19, 119, (1974).

68. The author wishes to thank Dr. G. Turnock, Department of Biochemistry,
University of Leicester, for help in performing the liquid

scintillation measurements.

69. The author wishes to thanmk Dr. H. A. J. Carless, Birkbeck College,
London, for the kind gift of the per-acetic acid.

70. Y. Ogata and K. Tomizawa, J. Org. Chem., 44, 2770, (1979).

71. R. S. Davidson, D. Goodwin and G. Smith, J. Chem. Soc., Chem.
Commun., 463, (1979). .

72. J. C. Scaiano, E. A. Lissi and M. V. Encinas, Reviews of Chemical
Intermediates, 2, 139, (1978).

73. R. S. Davidson, D. Goodwin and G. Turnock, Tetrahedron Letters,
4943, (1980).

74. R. Nogori, M. Kato, M. Kawanisi and H. Nozaki, Tetrahedron; 25,
1125, (1969).

75. G. Jackson and G. Porter, Proc. Roy. Soc., A260, 13, (1961).

76. D. R. G. Brimage, R. S. Davidson and P. R. Steiner, J. Chem. Soc.,
Perkin Trans. I, 526, (1973).

77. R. S. Davidson, Pesticide Science, 10, 158, (1979).

78. The author wishes to thank Professor P. D. J. Weitzman and Miss H.
Kinghorn, Department of Biochemistry, University of Leicester,
for help with these measurements.

79. The author wishes to thank Professor R. S. Davidson and G. Smith
(Davy Faraday Laboratory of the Royal Institution, London) for
making these measurements.

80. D. R. Adams and F. Wilkinson, J. Chem Soc., Faraday Trans. II, 68,
586, (1972).

81. P. B. Merkel and D. R. Kearns, Chem. Phys. Letters, 12, 120, (1971).

82. R. H. Kayser and R: H. Young, Photo¢ggg. Photobiol., 24, 395, (1976).

83. R. S. Davidson and K. R. Trethewey, J. Chem. Soc., Perkin Trans. II,
169, (1976). '

'84. C. A. Long and D. R. Kearns, J. Amer. Chem. Soc., 99, 2018, (1978).

85. For example, see P. B. Merkel and D. R. Kearns, J. Amer. Chem. Soc.,
94, 7244, (1972).

-185-



86.

87.

88.

89.

90.

For example, see A. A. Gorman and M. A. J. Rodgers, Chem. Phys.
Letters, 55, 52, (1978). '

R. S. Davidson, personal communication.

R. S. Davidson and K. R. Trethewey, J. Chem. Soc., Perkin Trans.

11,

173, (1977).

L. E. Manring, J. Eriksen and C. S. Foote, J. Amer. Chem. Soc.,
102, 4275, (1980).

R. S. Davidson and D. Goodwin, unpublished data.

-186-



Cce
CHAPTER 3

PHOTOCHEMICAL REACTIONS OF (¥-KETO-CARBOXYLIC

ESTERS

j e 720 /044644¢M4
A

N e foi_gptoed or Kunger
S brotherhiooed of man
Spagine all Ho pooplt
%ﬂ'fy all the woedd ...

%m ﬂza%&mt
v i 4
g%/ff;zm//&an% ore
j/% domedss /W oc; J
e 7/&% /Olﬂ%
%/& mé/wz///e éd m"

7&% Q%nnm

7940 ~795C



PHOTOCHEMICATL, REACTIONS OF ¢¢-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 O-KETO-CARBOXYLIC ESTERS

3.1(i) PYRUVATES AND PHENYLGLYOXYIATES

Leermakers and co—vmfkersl studied the vapour phase decamposition of
ethyl and isopropyl pyruvates. In both cases camplex mixtures of products
were obtained. The principal products fram the photolysis of ethyl
pyruvate were acetaldehyde and carbon monoxide respectively (Equation
3.1), whereas irradiation of iscopropyl pyruvate produces mainly acetone

and carbon monoxide, (Equation 3.2).

CH,C0CO00C Hy —— 55 C CH,CHO + CO + other products (3-1)

CH,COCOOCH(CH,), —— 5 C CH,COCH, + CO + other products (3-2)

The yield of acetaldehyde fram the photolysis of ethyl pyruvate was
found to decrease after long irradiation t:i.mes,1 presumably due to
secondary reactions. Also, modest pressures of oxygen did not
significantly affect the efficiéncy, or the course, of the photodecamposi-
tion of isopropyl pyruvate.1

The mechanism of the vapour phase photodecamposition of ethyl and iso—

propyl pyruvates is thought to initially involve radical formation fram
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the carbon-carbon bond cleavage,l as shown in Equation 3.3.

hy . .
CH,COCOOR W CH,CO0 + CO + OR (33)

(where R= ethyl or isopropyl)

The mechanism of the photochemical reactions of a-keto-carboxylic -
esters in oxygen-free solution is not well understood and subject to much
conjecture.2’3 These reactions are highly dependent upon irradiation
conditions, such as the nature of the solvent employed, and are described
below. |

Hammond and co—workers4 reported that irradiation of ethyl pyruvate in
benzene solution yields acetaldehyde, carbon monoxide and small amounts

of carbon dioxide as the only isolable products, (Equation 3.4).

h, CH,

~ CHCHO + (O + CO,  (3-4)
CH,C0C00CH, = CHs 2

ester 90% 10%

The triplet state of ethyl pyruvate was deawq 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 photodecamposition, as evidenced by an increase in the
quantum yield for ethyl pyruvate disappearance, fram 0.17 to 0.32 in the
presence of the ketone.

Leermakers and co-workers5 studied the photodecamposition of a series
of a-keto-carboxylic esters, in benzene solution, in an attempt to
elucidate the mechanism of the primary photochemical process leading to
fragmentation, and their findings are summarised in Table 3.1.
| These authors5 argued that if hydrogen abstraction was the primary

photochemical step, then deuterium incorporation at the appropriate
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TABIE 3.1°

a~-Keto-carboxylic ester | Products (%) Prster photodecamposition
CH 3COCOCCH 3 CH3CHO (20)
CH,0 (8) 0.15+0.02
Co (65)
CH3C0OCOOC2Hs CH3;CHO (60) ’ 0.17
co (80) :
CH3COCOOCH (CH3) 2 CH;CHO (15)
CH3;COCH3; (83) 0.18+0.01
co (50)
CH 3;COCOOCD (CH3) 2 Not reported 0.19+0.02
CeHsCOCOOC 2 Hs CegHsCHO (30)
CH3;CHO (25) 0.056+0.005
Cco (30)
COCOOC2Hs
OO 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 (v = 0.18 £+0.01; %p = 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).

In accord with the previous findings by Hammond and co-workers,4 the
reactive state was ascribed as being the triplet, based on the observa-
tions of phosphorescence fram 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 res;;>ect:ively.5
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29 l? h 9 Q |
R-C-C-0-C-R" — R-C-C-0-C-R"
| CeHg I
H H
0 0 0 \
R-=CH+CO+ R—C—R" —R-C-+ CO « -0—C|~R“
H

(where R=alkyl or aryl; R'and R”= alkyl and/or hydrogen)

Scheme 3-1

Leermakers and co-worke:cs5 suggested that the low quantum yield for
disappearance of ethyl-a-naphthylglyoxylate may be due to the fact that
its triplet state is so low lying that the ester does not possess enocugh
energy to undergo carbon-carbon bond cleavage, although this finding
can be equally well e:acplai_ned6 on the basis of the low reactivity of
naphthyl ketones in hydrogen abstraction reactions.7 It was also noted
by Necke.rs3 that as all of the pyruvate esters decampose 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,5 (Scheme 3.1), cames fram the
results obtained by Taminaga and co—worke.rs8 when studying the photo-
decamposition of ethyl phenylglyoxylate in benzene and cyclochexane
solutions. In addition to the finding of carbon monoxide, benzaldehyde
and acetaldehyde in the camplex mixture of products, the cbservation of

ethyl benzoate was hJ‘.ghlightecl.8 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 recambination
to yield ethyl benzoate, or disproportionate to yield benzaldehyde and

acetaldehyde, as outlined in Scheme 3.2.
CH.COOCH,

Radical | recombination

hy .
C¢HsC0CO0C,H, - [CHLO0 + -OCH, ]+ €0+ other products
CHq or CH.,

Radical | disproportionation

C¢H,CHO + CHCHO
Scheme 3-2

Jolly and De Mayo9 have shown that ethyl pyruvate upon irradiation in
cyclohexene solution undergoes a solvent addition reaction. A mechanlsm
involving initial hydrogen abstraction fram cyclohexene by the triplet
ester, followed by a radical coupling process, would account for the

formation of the hydroxy-ester so observed, (Equation 3.5).

.
CH,COCO0CH, + O by @—(IZ—OH (3:5)
COOC,H,

10,11

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 Neckers10 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 lower temperatures reductive dimerisation 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, which indicate that the primary process is an intermolecular
hydrogen abstraction, with subsequent radical dimerisation yielding
diethyl-a,o’-diphenyltartrate, (Scheme 3.3).

|0H
, o C.H.—C-COOCH
CHLOC00CH, 2 3C e 2%, CH,COCH,
2- Bufanal CHim € —CO0CH,
OH
Intermolecular Dimerisation
hydrogen
abstraction

csns—lé - CO0CH,
OH

Scheme 3-3

At higher temperatures the reaction takes a completely different
route, with 2-butyl mandelate and acetaldehyde being the major products
fram irradiation of ethyl phenylglyoxylate in 2-butanol, which suggests
that an intramolecular hydrogen abstraction précess is operative,
(Equation 3.6).

Similarly, ethyl mandelate and cyclohexanone are the major products
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OHg  CH,

hv, 78°C - 0- éH CH,CHO (3-6)
CaH,COCO0CH, 2- Butanol | h |C ¢ e
" H CH,
I
CH,

fram irradiation of cyclohexyl phenylglyoxylate in ethanol solution at
40°C, (Bquation 3.7).

M o
hv 4Q°C "o
CH~-C—C-0-CH. + O
CH,C0C00 _O Ethanol s | zs
H (3-7)

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 alcchol, and the alcochol moiety of the phenylglyoxylate being

oxidised. These results'? are sumarised in Table 3.2.

TARIE 3.21°

Photochemical reactions of alkyl phenylglyoxylates in
alccholic solution at 78°C

Alkyl phenylglyoxylate | Solvent alcohol Prcducts
Ethyl Cyclohexancl Cyclohexyl mandelate,
: acetaldehyde

Ethyl £-Menthol £-Menthyl mandelate,
acetaldehyde

2-Propyl Ethanol Ethyl mandelate,
acetone

2-Hexyl Ethanol Ethyl mandelate,
2-hexancone

2-Octyl Ethanol Ethyl mandelate,
2-octancne

2-Octyl 2-Butanol 2-Butyl mandelate,
2-octanone
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The mechanism Huyser and Necke.rs10 proposed in order to account for
the formation of the mandelate esters involves initial hydrogen abstraction
to yield a diradical that undergoes B-cleavage giving a hydroxy ketene
which then reacts with the solvent alcochol to produce the appropriate

mandelate ester, as outlined in Scheme 3.4.

09 R OHg R
CH—t-t-0-t-R LSV S S-S S
&s | intramolecular ¢ °

H hydrogen
abstraction
(3-cleavage

o R"~OH o 0
GHC=C=0-R" ———  CH~C=C=0 + R=(-R

H

(where, for example, R and R’= alkyl and/or hydrogen;
R"= ethyl or 2-butyl)

Scheme 34

To account for the temperature effect upon the course of the reaction,
the authors10 suggest that at lower temperatures the rate of intramole-
cular hydrogen abstraction is slower than that of intermolecular hydrogen
abstraction, and dimeric products result. However, at higher temperatures
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 ;;[uestioned 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 cobserved reaction product as
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may 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 tautamerisation which would yield the
phenylglyoxal, and this may explain the absence of the latter in the
product mixture.

In an attempt to trap the hydroxy ketene formed in the intramolecular
hydrogen abstraction process, as proposed by Huyser and Neckers,10 Yang
and Morduchcmitz11 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 small amounts
of ethyl lactate, result presumably fram intermolecular hydrogen abstrac-
tion fram the solvent alcohol, with subsequent radical dimerisation,
(Scheme 3.5).

It should be noted, however, that the temperature 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
Necke::‘s:LO that reductive dimerisation is an important process for photo-
decamnposition of a-keto-carboxylic esters at reduced temperatures.

More recently, evidence for the existence of hydroxy ketene inter-
mediates in the photolysis of a-keto-carboxylic esters has been forwarded
by DeBergalis,12 who isolated esters of lactic acid fram pyruvates when
irradiated in alcoholic solvents. Thus the photolysis of ethyl pyruvate
in t-butanol led to the formation of t-butyl lactate. Similarly, when
methanol was used as solvent for the reaction, methyl lactate was
produced. DeBerc_:;alis12 suggested that these esters, t-butyl and methyl
lactate, arise fraom the reaction 6f the hydroxy ketene, produced by intra-

molecular hydrogen abstraction, with the solvent alcohol, as shown in
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OH

| 0
CHy=C = COOC,Hs |
. | c . CH3-$— CO0C,H,
intecmolecular CH, (li : 00CA,
hydrogen OH
abstraction
hy, 15°C
CH,COCO0C H,
isopropanol |
intramolecular
hydrogen OH
abstfraction |
CH,~C=C=0 + CH,CHO
% isopropanol
Scheme 3-5
(lJH
CH,—C— COGCH(CH,),
|
H
(IJH
CH,—CH —CO0C(CH,),
t-Butanol
OH
hy |
CH,C0C00CH,—=CH;—C=C=0
Methanol
OH
Scheme 3-6 |

CH,~CH - COOCH,
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Scheme 3.6.

To account for the formation of acetaldehyde and carbon monoxide fram
irradiation of ethyl pyruvate, as cbserved in previous investigations,‘l’5
DeBerga.].is12 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

form acetaldehyde, (Equation 3.8).

OH OH
| hy |
(H,=C=C=0 —=(CH,—C: + CO (3-8)
CH,CHO

Yang and l\dorduchcwitz11 have previously suggested that ethyl pyruvate
upon photolysis in benzene solution produces carbon monoxide and a two

molar equivalent of acetaldehyde, (Equation 3.9).

CH,COC00C,H, —"—~ 2CH,CHO + CO (3-9)

6°'6

Using the proposal put forward by Delae:rgalis12 (Equation 3.8) it is
possible to rationalise the formation of two moles of acetaldehyde as
cbserved by Yang and IVIorduchowitz,11 in the photodecanpqsition of ethyl
pyruvate in benzene solution. The first mole of acetaldehyde could arise
fram the B-cleavage of the diradical formed by initial intramolecular
hydrogen abstraction, and the second mole of acetaldehyde could be
produced by the further i:hotolytic decarbonylation 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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| OH 0
hv, CH, [ i ]

CH,COCOOCH ,CH, CH,—C—=C—0CHCH,
Intramolecular )
hydrogen
abstraction B-cleavage
OH OH

| hy |
CHC:+ C0 =—— (H,-C=C=0 + CH,CHO

rearrangement

CH,CHO
Scheme 3-7

of pyruvic acid has been proposed by Vesley and I.eenna]<ers,13 and its
existence has been supported by Turro and co-workers14 who cbserved a
C2HyO fragment in the mass spectral breakdown of pyruvic acid. Leermakers
and Vesley]'5 also invoked the intermmediacy of methyl hydroxy carbene in
the aqueous photodecamposition of pyruvic acid, although this claim was
later shown to be unfounded by Closs and Miller,'® who could find no
evidence for its existence when studying the same reaction utilising the
technique of CIDNP. As yet there is no evidence which disclaims the
suggested existence of methyl hydroxy carbene in the gas, or non-aqueous,
phase photodecamposition of pyruvic acid or alkyl pyruvates.

It is apparent from the work cited herein that the mechanism of photo-
decamposition of a-keto-carboxylic esters is not known with any degree of
certainty and is worthy of further investigation.

BJ'_nkley17 has exploited the fact that irradiation of alkyl pyruvates

gives high yields of carbonyl campounds 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 campound. The conversion
of menthol to menthone is an example of this synthetic pathway, (Equation
3.10).
(i) Esterification
to pyruvate . (310)
OH (ii) hv/ CH, ' 0

88%

Pyruvate photo-fragmentation has also been used in part of a reaction

sequence in the preparation of campounds containing chiral methyl groups

adjacent to an asymmetric centre, as shown in the recent synthesis of

(3R, 45)- and (3R, 4R)-[4-%H, *H]valine, by Townsend and co-workers, 8
(Equation 3.11).
CD,OH
M (i) Esterification O~
—_— - CH; H to pyruvate . CH, N
| (i) hv/ C.H,
cHzcsHs C}-{zcsH5

(3:-11)

3.1(ii) OTHER (*-KETO-CARBOXYLIC ESTERS

Pappas and co-wo::'kersl‘g’20

have investigated the photochemical
reactions of methyl- and benzyl-o-benzyloxyphenylglyoxylates and have
established that intramolecular cyclisation occurs to afford an isameric
mixture of products in high yield, (Equation 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-membered 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 fram the six-membered transition
state is reversible, whereas this may not be the case for abstraction
fram 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.m’20
g, 0
¢” eHR OH
] | COOCH,R
Csg H hy _ H "
/H CJE (3' )
0—CHCH,
>90%
( 2 isomers)
( where R=-H or -CH,)
19,20

Apart fram 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 atams on the
ketone side of the molecule, i.e. long chain a-keto-carboxylic esters
such as alkyl-o-keto-octanates for example. However, work of a similar
nature has been carried out on analogous a-keto-carboxylic acids, [see
Chapter 2.1(iii)], in which Evans and Leermakers’® found that o-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(iii) EFFECT OF OXYGEN UPCN DIRECT IRRADIATION

Sawaki and Ogata22 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 which
these authors22 have proposed for the photo-axygenation 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-methylstyrene, then the per-benzoic acid transfers an atam

of oxygen to the alkene to yield an epoxide, (Scheme 3.8).

- hv, CH,, 0,, 20°C

CH,COCOOCH, > CH,CO,H + other products
58%
hv, CH, 0,, 20°C
a-Methylstyrene
v |CH3
CH,COH + CgHy—C—CH, « other products
\ / . -
0
<5% 1%
Scheme 3-8

Apart from the above study by Sawaki and Ogata,22 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 PHOI‘O—OXYGENZ-‘;TION OF (-KETO-CARBOXYLIC ESTERS

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 performed on the enol tautamers of
phenyl pyruvate ester derivatives.23’24

Jefford and co-workers?® have described the photo-oxygenation of the
enol form of the ester methyl-p-methoxyphenyl 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-B-
peroxylactone and a dioxetanol were invoked in order to account for the
formation of the cbserved photoproducts. [No definitive evidence was put
forward to confirm the participation of singlet oxygen, and none of the
proposed intermediates could be isolated.] It is possible to envisage
that the o-hydroperoxyketo-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-f-
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 fram the further
oxidation of p-methoxybenzaldehyde. A [2+2] addition reaction of singlet
oxygen upon methyl-p-methoxyphenyl pyruvate, would account for the
dioxetanol formation, and the subsequent cleavage of which yields the
products p-methoxybenzaldehyde and nbnanethyl oxalate.

The proposed reaction pathway, showing the intermediate a-keto-f-
peroxylactone, previously unknown as a stable entity, is summarised in

Scheme 3.9.
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Kotsuki and co—worke':c's24 have carried out a similar study to that
outlined above,?? in an attempt to cbtain chemical support for the
mechanism proposed by M:=1tsu|.1..~:a,25 of the enzymatic conversion of p-
hydroxyphenyl pyruvic acid into hamogentisic acid.. Matsuura25 suggests
a mechanism involving 1,4-addition of molecular oxygen to the enol
tautamer of p-hydroxyphenyl pyruvate, as described in Scheme 3.10.

. ?H 0,
H0-©—(H=C -C00~ ———— HO OH
Enzyme ‘\ N
0L0"C00"
-0,
HO —Q—OH — Hchuzcooi
CH,C00"
Scheme 3-10 °

In their study, Kotsuki and co-wm:ke;r:s24 confirmed that p-methoxy-
benzaldehyde and monamethyl oxalate are produced in the Methylene Blue
sensitized photo-oxygenation of methyl-p-methoxyphenyl pyruvate, as
reported by Jefford and co-worke.rs.23 In addition it was also demconstrated
that if the enol group was protected, for example by methyl substitution,
then the pyruvate ester undergoes a 1l,4-addition with singlet oxygen to
yield a diendoperoxide, (Scheme 3.11). Low temperature photo-oxygenations
in aprotic solvents were performed in an attempt to isolate the monoendo-

peroxide, but these proved unsuccessful.
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OCH,

o I
cup—@—m:c —COOCH,

Tetra phenylporphyriﬁ
ca,, 0,, hy, 0°C.

1
CH,0 —\ (O0CH, 0,
-0 OCH,
Scheme 3-11

When the above reaction.was performed using methanol as solvent,
diendoperoxides are not observed, the isclated products being an
equilibriated mixture of hydroxylated derivatives, as shown in Scheme
3.12.

The above work (Scheme 3.11) by Kotsuki and c:o-workers,24 shows that
the enol tautamer of methyl-p-methoxyphenyl pyruvate is capable of under-
going a 1,4-addition with singlet oxygen, under certain conditions and
when the enol group is protected. The reaction pathway observed in
methanol, (Scheme 3.12), is quite different fram the enzyme reaction
insamich as the chemical reaction results in meta- rather than para-
hydroxylation, as is cbserved under enzymic conditioﬁs. The authorsz4
suggest that the result obtained in the aprotic solvent (Scheme 3.11),
showing 1,4-addition and diendoperoxide formation, does offer same

25

chemical support for the mechanism proposed by Matsuura™ (Scheme 3.10)
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OCH,

| I
CH‘,,OCH=C-C00CH3
Methylene Blue
\on, 0,, hV, 0°C
CH,0 —Qj{OOCH3

0-0 OCH,

fehs CH,OH \
CH,0 CHCOCOOCH, =——  (H,0 —
Y— COOCH,
OH 0

I

CHSO.Q\/FO%
oA 0H
COOCH,

Scheme 3-12

for the enzymic reaction.

To date there are no reports describing the dye-sensitized photo-
oxygenation of the keto-tautamer of o-keto-carboxylic esters, as
investigations have been confined solely to the enol tautcmers, as

described above.23’24
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3.3 THE DIRECT PHOTO-INDUCED FRAGMENTATION OF ATKVT, PYRUVATES
3.3(i) OBJECT OF INVESTIGATION

Alkyl pyruvates have been shown to undergo photo-induced fragmentation

in the absence of oxygen,s’17 (Equation 3.13).

hv o
'(H,C0CO0CH,R — RCHO + CO + other products (3-13)

The mechanism by which this fragmentation reaction occurs has not been
clearly established and two different mechanisms have been proposed to
account for the observed oxidation of the alkyl group, and are labelled
Type I° and Type IT' 226

reaction of ketones, (Scheme 3.13).

because of their analogy to the fragmentation

H .
N
0 ICHR hy OH C|HR OH
§ —— )\ s —— L +roo
CHs)\( (Type I} (H; ' CH; E§0
0 0
hy |(TypeI)
. . . CH,— C — CHO
CH,C0 + OCOCH,R — RCH,0 + CO .

RCH,0 + CH,(0 —=RCHO + CH,CHO
Scheme 3-13

It has been clearly established that the ffagmentation of methyl,
ethyl and isopropyl pyruvates leads to carbon monoxide prod1.1ct:ion.5 The
oxidation of the alkyl group (RCH;) to give carbonyl campounds has been
shown to occur in good yield and can be used as part of a sequence of
reactions to transform primary and secondary alcohols into carbonyl

ccmpounds.17 Although no direct evidence exists to confirm the inter-

~207~



mediacy of a hydroxy ketene in the fragmentation process, the observations
that the use of alcohols as solvents for the reaction leads to the
formation of esters of mandelic acid fram phenylglyoxylates10 (Scheme 3.4;
Table 3.2) and lactic acid fram pyruvates12 (Scheme 3.6) , lends credence
to their suggested formation, (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 photochemical
products.5

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 'H N.M.R. SPECTROSCOPY

The decamposition of alkyl pyruvates and the formation of the cbserved
photo-products were evaluated by following the reactions by 'H 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 formation of formaldehyde,
acetaldehyde, acetone and benzaldehyde fram the degradation of methyl,
ethyl, isopropyl/2-deuteriocisopropyl and benzyl pyruvates respectively,
were investigated and the results shown in Figures 3.1-3.5, and Table 3.3.
Fram these results the rates of photo-induced decamposition of the alkyl
pyruvates and the rates of formation of carbonyl campound were determined
and are shown in Table 3.4.

The addition of a triplet quencher (naphthalene) to the reaction
mixture slowed up both the rate of disappearance of the alkyl pyruvate
and the rate of formation of the carbonyl campound 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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trations of naphthalene in deuterated acetonitrile solutions of methyl,
ethyl, isopropyl and benzyl pyruvates and the resulting Stern-Volmer
plots are shown in Figures 3.6 -3.9 respectively. As can be seen, the
Stern-Volmer plots deviated fram 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 campound
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, which accounts for the consumption of the aldehyde.

TABLE 3.5

Consumption of acetaldehyde (0.1M) upon irradiation(a)
of deuterated acetonitrile and deuterated benzene solutions
containing methyl pyruvate (0.1M)

Solvent % Acetaldehyde consumed

CD3CN ’ 48
CeDs 29

(a) 20 minute irradiation

Methyl glyoxal, the keto-tautamer of methyl hydroxy ketene, was found
to undergo photo-decamposition in deuterated benzene solution, (10%

decamposition after 20 minute irradiation of a 0.1M solution of methyl
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FIG. 3.6

Stern-Volmer plot of the quenching of methyl pyruvate (0.1M,
O) disappearance, and formaldehyde formation (O) by
naphthalene in deuterated acetonitrile. [Irradiation time =
30 mins.]
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FIG. 3.7

Stern-Volmer plot of the quenching of ethyl pyruvate
(0.1M, O) disappearance by naphthalene in deuterated
acetonitrile. [Irradiation time = 30 mins.]
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FIG. 3.8

Stern-Volmer plot of the quenching of isopropylpyruvate
(0.1M, O ) disappearance and acetone formation (O) by
naphthalene in deuterated acetonitrile. [Irradiation
time = 90 mins.]
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FIG. 3.9

Stern-Volmer plot of the quenching of benzyl pyruvate

- (0.1M, O) disappearance by naphthalene in deuterated

acetonitrile. [Irradiation time = 60 mins.]
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glyoxal).
Most_strikingly, t-butyl pyruvate was found to be photochemically
inert under the reaétion conditions emploved.

3.3(iii) TRIPLET LIFETIME MEASUREMENTS OF ALKYT, PYRUVATES

The triplet lifetimes of alkyl pyruvates in deoxygenated acetonitrile
solution were determined by laser flash photolysis. The triplet decays
obtained fram the esters are shown in Fig. 3.10. That the transient
observed is the triplet state was shown by the fact that all'of the
esters gave a species having the same absorption spectrum (Apax ~ 685 nm
in acetonitrile) which decayed with first order kinetics (Figures 3.11 -
3.16) and was quenched by triplet quenchers such as axygen 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 fram laser flash
photolysis of alkyl pyruvates in deoxygenated acetonitrile
solution, monitored at 685 nm

kg + kyp kr
Pyruvate Ester T (ns) | (x107 s71) | (x107 s71)

Methyl 70 1.43 1.24
Ethyl 60 1.68 1.49
Isopropyl 66 1.52 1.33
2-Deuterioisopropyl 69 1.44 1.25
Benzyl 74 1.36 1.17
t-Butyl 521 0.192 -
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Plot of log;, O.D. v time for decay of transient
produced from laser flash photolysis of methyl
pyruvate, monitored at 685 nm, showing first-
order decay kinetics, where kq = gradient x
2.3026.
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FIG. 3.12
Plot of logie O.D. v time for decay of transient
produced fram laser flash photolysis of ethyl
pyruvate, monitored at 685 nm, showing first-
order decay kinetics, where kq = gradient x
2.3026.
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FIG. 3.13
Plot of log;y O.D. v time for decay of transient
produced fram laser flash photolysis of isopropyl
¢ pyruvate monitored at 685 nm, showing first-order
B decay kinetics, where kq = gradient x 2.3026.
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FIG. 3.14

Plot of log,p O.D. v time for decay of transient
produced fram laser flash photolysis of 2-
deuterioisopropyl pyruvate, monitored at 685 nm,
showing first-order decay kinetics, where kq =
gradient x 2,3026.

-229-



B FIG. 3,15
Plot of log;p O.D. v time for decay of transient
produced fram laser flash photolysis of benzyl
pyruvate, monitored at 685 nm, showing first-
28 “ order decay kinetics, where kq = gradient x 2.3026.
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3.3(iv) DISCUSSICN OF THE RESULTS AND FRAGMENTATICN MECHANISM

Fram the results cbtained by following the reactions by n.m.r.
spectroscopy, it is apparent that the fragmentation of methyl pyruvate
to give formaldehyde is a minor patlway 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 campounds fram the alkyl portion of the molecule is not
the only way by which these esters are consumed, and that favourability
of this reaction increases as the degree of substitution of the alkyl
group is increased.

It is known that acetaldehyde reacts with triplet pyruvic acid16
(Equation 3.14) and therefore the possibility arises that the aldehydes
formed fram the methyl, ethyl and benzyl pyruvates are consumed by

reaction with the parent esters.

O O
[ CH,COCO0H]® + CH,CHO — CHC- + COCH, | — CH,C— COCH,
COOH COOH

(3-14)

This probably accounts for the fact that the methyl pyruvate is con-
sumed far more rapidly than isopropyl pyruvate. The yield of carbonyl
canpound produced in the fragmentation reaction, based on the amount of
alkyl pyruvate used is higher when beﬁzene is used as solvent, and the
success of the previously described preparative reactions is no doubt due,
in part, to the use of benzene as solvent.17 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 consumption 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 demonstrates that the triplet state
of the alkyl pyruvate is involved in these reactions. It has previously
been shown ,27 by the use of laser flash photolysis, that naphthalene
quenches the triplet states of alkyl pyruvates by energy transfer. Das,
Encinas and Scaiano28 have determined, using the same technique, the rate
constants for the quenching process and found them to be close to
diffusion controlled. The results reported herein substantiate the
earlier clai.m,4 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 Stern-Volmer plots
(Figs. 3.6 -3.9) precluded the extraction of reliable values for rate
constants. A problem encountered in making these measurements was that
in order to cbtain measurable amounts of the consumption of the alkyl
pyruvate and formation 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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singlet and triplet state. However, it has been shown?? that naphthalene
does not quench the. short-lived excited singlet state of a-keto-carboxylic
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-
carboxylic ester. |

Another factor which may well account for the non-linearity of the
Stern-Volmer plots is the occurrence of ground state association of the
alkyl 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 cbtain slopes fram the Stern-Volmer plots
(e.g. use only the portion of the graph which covers low concentrations
of naphthalene) and consider the triplet quenching process to be truly
diffusional, then using a quenching rate constant of ~1 x10'° M™! s7! the
calculated triplet lifetime of methyl pyruvate is ~40ns and for iscpropyl
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, which are far shorter than the triplet lifetime cbtained for
the unreactive t-butyl pyruvate which was evaluated to be 521 ns.

Using the method develoi)ed by Dalton and TuJ:ro29 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 determmine the rate constants for reaction of the other esters. The

triplet lifetime (T) of the t-butyl pyruvate is given by Equation 3.15:-

1
T = 3.15
kg ( )
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(where kq is the sum of the various unimolecular decay processes, e€.g.
radiationless to the ground state, but not including a termm for chemical
reaction) . '

By substituting the triplet lifetime of the t-butyl pyruvate (521 ns)
into Equation 3.15 gives a Ikq value for this unreactive ester of
0.192x107 s7!.

The triplet lifetime (t') of the reactive alkyl pyruvates is given by
Equation 3.16:-

' 1

= e——— 3.16
Tkd +kr ( )

(where Ikq is as above and kr is the rate constant for the Type II
reaction of the reactive alkyl pyruvate).

Using the Ikdq value for the unreactive t-butyl pyruvate obtained fram
Equation 3.15 (0.192x107 s~!), together with the value of the triplet
lifetime (t’) for each of the reactive aJ_.kyl 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 ky values for the methyl and ethyl
pyruvates as being 1.2x107 s”! and 1.5x107 s~! respectively. The
slightly higher reactivity of the ethyl pyruvate is to be anticipated
since the abstractable hydrogen atam of the ethyl group is secondary
whereas in the methyl group it is primary. However, this ratiocnale
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 iscpropyl 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-deuterioiscpropyl 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.5 The lack of a positive
kinetic isotope effect upon the reactivity of the iscopropyl pyruvate and
the similarity of reactivity between ethyl and isopropyl pyruvates
suggests that the Type II reaction has a very low energy of activation.29
Certainly the entropy of activation should be almost negligible due to the
conformations adopted by the ground state of the esters. The trans-trans
arrangement of the two carbonyl groups?o means that even for the least
favourable conformation (with regard to reaction) only rotation about the
axygen-carbon bond of the oxygen-alkoxy group is necessary to give the

ester the correct conformation for the Type II reaction, (Fig. 3.17[al).

YV 9
O/(%Q /7;c\H 08
O\O/ -
0/0 O 0/0 O\
0 0 H/ N\
[a]trans [blcis

Fig. 3-17

This favourable conformation effect should reduce the energy of

CH,—

activation and one would anticipate a high rate constant for these

reactions. It is therefore difficult to reconcile the low rate constants
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for the reactions with the absence of a primary kinetic isotope effect.

A similar paradox has been encountered by Coulson and Yanc_:;31 in a study
of the photochemistry of hexan-2-one, where it was found that replacement
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
fram 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 fram the excited
triplet state.

The finding that the alkyl pyruvates fragment via the Type II process
prampts the question as to how the carbon monoxide is produced in these
reactions. It has been suggested that this is a secondary product and
is derived fram methyl g’lyoxal,12 (Equation 3.8). However, a thorough
search of the n.m.r. spectra did not reveal any formation of methyl
glyoxal, which in a separate experiment was, in fact, found to be unstable
under the irradiation conditions employed. Apart fraom the ethyl pyruvate,
acetaldehyde, which is the expected product fram a Type I process, was not
formed, and therefore the eventual fate of the CH;CO- portion of the

alkyl pyruvates is unclear.

Summary

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, shows that alkyl pyruvates fragment fram the triplet state via
a Type IT 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

-237-



not fragment in this way and shows that photolytic cleavage of the bond
linking the carbonyl groups in 1,2-dicarbonyl campounds is an unfavourable

process.
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3.4 THE DIRECT PHOTO-INDUCED DECARBOXYIATION OF ALKYL PYRUVATES

Obiject of investigation

The only report pertaJnlng to the photo-induced decarboxylation of
d-keto-carboxylic esters is that by Hammond and co-workers® who 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 which this process

occurs.

3.4 (i) INITTAL DECARBOXYIATION STUDIES

Carbon dioxide production was found to occur for several alkyl
pyruvates in degassed solution, albeit to a small extent, (Table 3.7).
That ethyl pyruvate undergoes decarboxylation4 is confirmed, (:Tablé 3.7).
The yields of carbon dioxide and hexaldehyde fram 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 decarboxylation via an electron transfer
mechanism,32 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 performed in the presé.nce

of methyl viologen, (Mv2¥). 1In each case, the blue coloured species,
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TABLE 3.7

Yields of carbon dioxide fram the direct irradiation(a) of alkyl

pyruvates (1072M) in degassed solution

Alkyl te Yield (%) of
(107° M) Solvent carbon dioxide

Methyl pyruvate Benzene 5.3
Methyl pyruvate Acetonitrile 7
Methyl pyruvate Acetonitrile/water (P) 12
Ethyl pyruvate Acetonitrile 9
Isopropyl pyruvate | Acetonitrile 11
t-Butyl pyruvate Acetonitrile
t-Butyl pyruvate Benzene

t-Butyl pyruvate

Acetonitrile/pyridinewater(¢)

(a) 6h irradiation

() (9:1 v/v)
(c) (8:1:1 v/v)

TABLE 3.8

Yields of carbon dioxide and hexaldehyde fram the direct
irradiation(®) of n-hexyl pyruvate (5x10°2M) in degassed
acetonitrile solution

Product Yield (%)
Carbon dioxide 7
Hexaldehyde (P’ 30

(a) 3h irradiation

(b) determined by g.l.c.
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reduced methyl viologen (MVt) characterised by its absorption spectrum,
was rapidly produced. Figure 3.18 shows the production of reduced methyl
viologen from the 1 minute irradiation of degassed acetonitrile/water

(9:1 Yv) solutions of methyl, ethyl, isopropyl and t-butyl pyruvates
respectively, and Figure 3.19 shows the results obtained when the same
reactions were performed in degassed acetonitrile/pyridine/water (8:1:1 Vv)
solutions. The yield of reduced methyl violégen was shown to increase
with increasing irradiation time (Fig. 3.20). On cessation of illumination
the absorption band due to reduced methyl viologen was cbserved 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 pyruw}ate, which 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 fram the alkyl

pyruvate to the parent methyl viologen, as shown in Equation 3.17.

— ,+ electron from  _, My (3.17)

(colourless) )l pyruvate (blue)

Methyl pyruvate has been shown, by a laser flash photolysis study,3:3

to have a triplet-triplet absorption spectrum similar to that of pyruvic
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FIG. 3.18

Production of reduced methyl viologen fram 1 minute irradiation
of a-keto-carboxylic esters (5x1072 M) in degassed acetonitrile/
water (9:1 V/v) solution containing methyl viologen (1072 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. 3.19

Production of reduced methyl viologen from 1 minute irradiation
of o-keto-carboxylic esters (5x10"2 M) in degassed acetonitrile/
pyridine/water (8:1:1 V/v) solution containing methyl viologen
(1072 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 fram irradiation of t-butyl
pyruvate (5x1072 M) in degassed acetonitrile/water (9:1 V/v)

solution containing methyl viologen (1072 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 fram
1 minute irradiation of isopropyl pyruvate (5 x1072 M)
in acetonitrile/pyridine/water (8:1:1 V/v) solution
containing methyl viologen (1072 M),

(2) after standing for 2% minutes after irradiation and

(3) after standing for 5 minutes after irradiation.
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., 28,32
acid. 8,

That the transient produced is that of triplet methyl
pyruvate is illuétx‘ated 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 x10” M~! s™!, and at methyl
pyruvate concentrations of 5x 102 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
acid.3? The addition of methyl viologen had little effect upon the
fluorescence and triplet lifetimes of methyl pyruvate, thus the reduced
methyl viologen is not predaminantly produced by the reaction of methyl

viologen with the excited states of methyl pyruvate.

3.4(iii) DISCUSSION

Several alkyl pyruvates have been found to undergo direct photo-induced
decarboxylation in degassed solution, (Table 3.7). From 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 fram a bimolecular electron transfer reaction from
the excited triplet state of the alkyl pyruvate to a molecule of alkyl
pyruvate J.n its ground state, (Scheme 3.14). This mechanism, analogous
to that proposed to account for the direct photo-induced decarboxylation

of pyruvic acid,32 could account for the concentration dependence of the
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(CH,COCO0R)® + CH,CDCOOR — m#—?-coon + CH,~C-COOR
n
0- 0

L X3

!
| CH L0+ CO+*R
(where R=CH,-, C,H,-, 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
photolysis study,>> to quench triplet methyl pyruvate, and the Type II
photo-fragmentation has lbeen shown to occur fram the triplet state of
alkyl pyruvates, (Chapter 3.3). Thls suggestion is also in accord with
the proposal by Hammond and co-worke:::s4 that ethyl pyruvate undergoes
decarboxylation fram ‘the triplet state.

The formation of reduced methyl viclogen can be attributed to electron
transfer fram a reduced species of the alkyl pyruvate to methyl viologen,
as exemplified in Equation 3.18.

CHs-lC-COOR + MV — (H,COCOOR + MV  (3-18)
0.

(where R=CH,-, C,Hz, (CH,),CH- or(CH,), C~-)
The laser flash photolysis study of methyl pyruvate has éhcwn 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 from reacticn 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 campetition with the Type
IT 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, (Chépter 3.3). n-Hexyl pyruvate, upon
irradiation in degassed acetonitrile solution, was found to be capable
of undergoing both decarboxylation (via the proposed bJ';molecular electron
transfer process) and the Type II fragmentation reaction (leading to
hexaldehyde production). This result, shown in Table 3.8, confirms that
both pathways can occur simultaneously and are in campetition 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 consumptioh 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 camplicated. As the t-butyl pyruvate is photostable upon
direct irradiation, it could be considered that any bimolecular electron
transfer which takes place may be accampanied by an efficient back
electron transfer reaction, leading to the formation 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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fram the reduced form of t-butyl pyruvate to methyl viologen) will be in
direct campetition with the back electron transfer reaction if a
mechanism as shown in Scheme 3.15 is operative.
.
MV*
24
MV

 CH,COCOOCICH,) + CH,COCO0C(CH,) — O4,-C-CO000), Oy -C- COOCICH,,
0. 0

L 2

back electron
transfer

(H,COCOOC (CH,), + CH,COCOOC (CH,),

Scheme 3-15

Alternatively, the bimolecular electron transfer reaction of t-butyl
pyruvate could ke very inefficient and may not occur to any appreciable
extent. Indeed, the triplet lifetime of t-butyl pyruvate has been shown
to be considerably lohger 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 fram the triplet to a ground state
molecule of the ester an unfavourabie process. Das34 has recently
demonstrated that aramatic carbonyl campounds undergo electron transfer
reactions fram the carbonyl triplet ‘state, to methyl viologen, with the

cancanitant formation of reduced methyl viologen.34

Thus the possibility
exists, for the long-lived triplet t-butyl pyruvate, that a similar

reaction could ensue in the presence of methyl vioclogen. The reduced
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methyl vioclogen in this case could arise fram electron transfer fram the
tripiet t-butyl pyruvate to methyl viologen, giving the radical cation
of the ester, (Equatiocn 3.19).

(H,COC00C(CH,); +» MV'" — CH=C-COOCICH), + MV®  (319)
n
0

P

3.4 (iv) DECARBOXYIATION 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 cbtained are given in Table 3.9.

As can be seen from this Table, the addition of electron acceptors was
found to sensitize the decarboxylation reaction. A mechanism i&wolving :
electron transfer fram the alkyl pyruvate to the electron acceptor is
envisaged as being accountable for the sensitization process, (Scheme

3-16) .

hv _ . CH,COCOOR
EA —EA —= — EA” + CH,CCOOR

0

+-

.
CH,C0 + CO,+ 'R

(where EA= eled’ron_ 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, when campared to the other alkyl
pyruvates, due to the greater stability of the t-butyl cation over the
cations produced from the other esters. However, as can be seen in
Table 3.9, the yields of carbon dioxide fram t-butyl pyruvate were in
same cases lower than those obtained fram 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 viologeﬂ.

TABLE 3.10

Yields of carbon dioxide fram the direct irradiation(a) of alkyl
pyruvates (1072 M) in degassed solutions containing
methyl viologen (1072M)

Alkyl pyruvate Yield (%) of
(1072 M) Solvent carbon dioxide

Methyl pyruvate | Acetonitrile/water (9:1 V/v) 19

t-Butyl pyruvate | Acetonitrile/pyridine/water (8:1:1 V/v) 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 fram 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 fram 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 cames fram the finding that
irradiation of methyl pyruvate, in degassed acetonitrile and benzene
solutions containing various aramatic hydrocarbons, leads to enhanced

yields of carbon dioxide, (Table 3.11).

TARLE 3.11

Yields of carbon dioxide fram irradiation(®) of methyl pyruvate
(1072M) (A) in benzene and (B) in acetonitrile solution
containing various aramatic hydrocarbons (1072 M),
under degassed conditions

Aramatic hydrocarbon Yield (%) of carbon dioxide
(1072 M) (A) Benzene (B) Acetonitrile

None 5.3 7

Naphthalene 10.4 12

2,6-Dimethylnaphthalene 7.1 17.5
9,10-Dimethylanthracene 13.4 22.3
Biphenyl "~ 11.4 20.9
Phenanthrene 11.6 11.8
Pyrene - ® 10.2

(a) 6h irradiation
(b) not measured

A similar observation has been encountered in analogous reactions of
pyrlivic acid (Chapter 2.4), and the same mechanism can be used to explain
the enhanced carbon dioxide yields from methyl pyruvate when irradiated in

the presence of aramatic campounds, such as naphthalene.
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Tt 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 sare 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 cbserved in this system, as described in Scheme 3.17. A similar
raticnale can be used to account for the sensitization of carbon dioxide
CH,L0 + CO,+ CH,
!

(CH,COCO0CH,)* + CH,COCO0CH, — CH,CCOOCH; + CH,CCOOCH,

0. 0

Quenching ._.cnstlcooms + NpH'

0. wacocooms

. NpH + CH,CCOOCH,
. it
0

.

}

| CH3C0 + (0, + (*:’H3
Scheme 3-17

Summary
- That alkyl pyruvates are capable of undergoing decarboxylation via a
bimolecular electron transfer process is consistent with the finding that

pyruvic acid produces carbon dioxide via an analogous mechanism. The
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decarboxylation reaction of alkyl pyruvates appears to be a minor route
for photoreaction, indeed the decarboxylation reaction will be in
campetition with the Type IT 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 aramatic 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-OXTIDATTVE DECARBOXYIATION OF (¢x-KETO-CARBOXYLIC
ESTERS :

Object 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
the epoxidation of a-methylstyrene by methyl phenylglyoxylate.?? The aim
of this investigation is to elucidate the rdle of oxygen in the direct

photo-oxidative decarboxylation of a-keto-carboxylic esters.

3.5(i) DECARBOXYIATION 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 fram the direct irradiation(®) of
a-keto-carboxylic esters (1072 M) under oxygen (A) in acetonitrile
and (B) in benzene solutions

a-Keto-carboxylic ester Yield (%) of carbon dioxide
(1072 M) (3) Acetonitrile | (B) Benzene
Methyl pyruvate ' 37 34
Ethyl pyruvate 63 54
Isopropyl 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 fram 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
acetonltrlle and oxygenated benzene solutlons are shown in Fig. 3. 23

Table 3.13 shows the yields of carbon dioxide and hexaldehyde from the
direct photo-oxidation of n-hexyl pyruvate in oxygenated acetonitrile

solution.

TABIE 3.13

Yields of carbon dioxide and hexaldehyde fram the
direct irradiation(@) of n-hexyl pyruvate (5 x1072 M)
in oxygenated acetonitrile solution

Product Yield (%)
Carbon dioxide 35
Hexaldehyde (®’ 45

(a) 3h irradiation
(b) determined by g.l.c.

The addition of 9,10-dicyancanthracene 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-dicyancanthracene absorbed all the incident light.

The effect of solvent deuteration upon the yields of carbon dioxide |

fram irradiation of oxygenated solutions of methyl and ethyl pyruvates
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TABLE 3.14

Yields of carbon dioxide from the irradiation(®) of
methyl pyruvate (1072 M) in oxygenated acetonitrile
solution containing 9, lO-dicyanoanth.racene(b)

Conditions Yield (%) of carbon dioxide
9,10-dicyanocanthracene absent 50
9,10-dicyancanthracene present 38

(a) 6h irradiation
(b) OD =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.

TABIE 3.15

Solvent isotope effect upon the yield of carbon dioxide fram the direct
irradiation{@) of a-keto-carboxylic esters (1072 M)
in oxygenated solution

a-Keto-carboxylic ester Yield (%) of Isotope
(1072 M) Solvent carbon dioxide | Effect
Methyl pyruvate Deuteriochloroform 52} 1.48
Methyl pyruvate Chloroform 35 :
Ethyl pyruvate Deuterium oxide 15.4 0.94
Ethyl pyruvate Water 16.3 :

(a) 5h ixradiation

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 mechanlsm of the
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interaction of oxygen and a-keto-carboxylic ester leading to carbon
dioxide production, is of pa.rt:.cular interest.

It has previously been suggested that the photo-epoxidation of a-
rmethylstyrene by methyl phenylglyoxylate proceeds by initial a-cleavage
of the ester, followed by radical scavenging by oxygen leading to

epoxidation via per-acid intermediates. 22

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 atam abstraction, (Chapter 3.3). Thus, the.
epoxidation réaction cannot involve the interaction of oxygen with
radicals produced via cx—cleairage of the a-keto-carboxylic ester.

Let us consider therefore the ways in which 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
could 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, fram 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 from 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, presﬁmably 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 cbserved. 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 cbtained fram t-butyl pyruvate, (which
does not fragment via either a Type I or Type II reaction and is found to
be photostable under degassed conditicns), would suggest that decarboxyla-
tion may arise fram 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 II process, would cbviously campete with the
Tyiae II react:Lon fer‘degfadatim of these esters | - o |

An cbvious 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 prcduced may react with the a-keto-
carboxylic ester to produce carben dicxide. However, the lack of a
solvent isctope effect upon the decarboxylation reaction of methyl and
ethyl pyruvates (Table 3.15) indicates that singlet oxygen plays little,
if any, rdle in the photo-oxidative decarboxylation of these esters.

This rationale' assumes that any singlet axygen 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 sclutions, where the oxygen
concentration is similar to that of the a-keto-carboxylic ester, electron

transfer to axygen from the ester may occur, (Equation 3.20).

(Ester)* + 0, — (Ester)® + O (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 prbducfs
hy

,,,,, (RCOV* + 0=C-0R o R=C +0=C—0R
‘ . )
0
}

0

L

-~ 'R—C-COOR’ + 0]
(RCOCOOR')*+ 0, — | = &

_ : Olf'O-
R-C-00- + 0=C-0R - R-C= COOR’
it l
0 0

CO, and other products

(where R=methyl, phenyl or octyl
and  R= alkyl, benzyl, 2-(1-naphthyl)ethyl or
2-( 2- naphthyl) ethyl)

Scheme 318
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The formation of the per-oxy species, as shown in the above mechanism,

would account for the cbserved epoxidation of aJ.kenes.22

That per-oxy
species are produced in the photo-oxidative decarboxylation of a-keto-
carboxylic esters is indicated by the cbservation that t-butyl pyruvate,
upon prolonged irradiation in oxygenated acetonitrile solution, leads to
greater than cne mole of carbon dioxide evolution, (Fig. 3.23). The
production of more than one mole of carbon dioxide fram the photo-
oxidation of pyruvic acid has previously been shown to involve the
participation of per-acids, (Chapter 2.5), and therefore the possibility
exists that such species <\:ould be involved in similar reactions of a-keto-
carboxylic esters, as shown in Scheme 3.18. Indeed, that per-acids are
produced in the photo-oxidation of a-keto-carboxylic esters has previocusly
been shown by the cbservation of per-benzoic acid fram irradiation of
methyl phenylglyoxylate in oxygenated benzene solution.?2

Further evidence to support the mechanism proposed in Scheme 3.18,
involving electron transfer from a-keto-carboxylic ester to oxygen, cames
fram the finding that 9,10-dicyancanthracene (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 shown in Scheme 3.19.

H
ocA ™ pea’ CH, COCOOCH,

~ DCA 7 + CH,~C- COOCH,
0

.

DCA® +0, — DOCA+ O]

; + CH;-C-COOCH, — (O, + other products
"
S

e

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 aqueocus acetonitrile solutions of 2- (2-naphthyl)e&1yl pyruvate
did not affect the fluorescence or triplet lifetimes of the ester, and
therefore reduced methyl viologen does not arise fram reaction of methyl
viologen with an excited state of this ester, (Chapter 3.7). It is
conceivable that the naphthyl-a-keto carboxyl:.c esters could Lmde.rgo an
| mternal 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-COCOOCH,CHNp — R- 5- COOCH,CH,Np * . (321)

(where R=CH,~ or CH,(CH,),-, Np = 1- or 2- naphthyl)

The interaction of axygen 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 solutioné. The
carbon dioxide produced in the above system was suggested to arise fram
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 same of the carbon dioxide may arise from the subsequent
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decarboxylation of a product of the Type IT fragmentation process, via
the interaction of oxygen with the latter species. However, that t-butyl
pyruvate gives high yields of carbon dioxide when irradiated in
oxygenated solution shows that decarboxylation can occur fram 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 fram the interaction of oxygen with a product of the Type II
fragmentation process, and further substantiates the mechanism proposed
In conclusion, carbon dioxide yields in excess of 100% were only
obtained fram prolonged irradiation of oxygenated acetonitrile solutions
of t-butyl pyruvate, (Fig. 3.23). The second mole of carbon dioxide may
well arise from the 0=C—0R’ 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,
which is capable of fragmentation via the Type II process did not produce
high yields (i.e. >l mole) of carbon dioxide, (Fig. 3.22). Hence, the
lower yields of carbon dioxide, obtained from irradiation of oxygenated
acetonitrile solutions of methyl pyruvate, can be explained on the basis
 of competition between the Type II process and the mechanism shown in

Scheme 3.18, for the decamposition 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

fram the a-keto-carboxylic ester to oxygen, with carbon dioxide production

-266-



arising fram either the interaction of the superoxide anion with the
ester radical cation, and/or the scavenging, by oxygen, of the radicals |
produced fram the further degradation of the ester radical cation. This
electron transfer reaction will be in campetition with the Type II
reaction for degradation of the esters, and there is the possibility
that carbon dioxide may be produced fram the reaction of the species
generated in the Type IT process. The intermediacy of per-acids is
invoked, and the mechanism is supported by the cbservation that the
electron acceptor, 9,10-dicyanocanthracene, sensitizes the decarboxylation

reaction of methyl pyruvate.
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3.6 THE DYE-SENSITIZED PHOTO-OXTDATTVE DECARBOXYIATION OF (X-KETO-
CARBOXYLIC ESTERS

Object of investigation

Few reports have appeared relating to the dye-sensitized photo-
oxidative decarboxylation of a-keto-carboxylic esters, namely the enol
tautamers of methyl-p-methoxyphenylpyruvate23 and a derivative which has

24

the enol group protected by methyl substitution. The decarboxylation

23,24

reaction»was shown to be sensitized by dyes suchr as Methylene Blue
and tet:raphenylporphy'r]’.n.24 The following investigations were performed
in order to establish whet_her 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) DECARBOXYIATION STUDIES

Several o-keto-carboxylic esters were found to produce carbon dioxide
upon dye-sensitized photo-oxygenation in acetonitrile/pyridine (4:1 Yv)
solution, and the results are shown in Table 3.16.

The decarboxylation reaction of methyl pyruvate, in acetonitrile/
pyridine (4:1 Yv) solution, was found to occur using a variety of
sensitizers, (Table 3.17). That Methylene Blue?2'2% and tetraphenyl-
porphyrin24 can lead to decarboxylation is confirmed, (Table 3.17).
Carbon dioxide was also obtained from the Methylene Blue sensitized
photo-oxygenation of methyl pyruvate in methanol/pyridine (4:1 V/v)
solution, (Table 3.17). |

The effect of oxygen concéntration upon the decarboxylation of methyl
pyruvate, sensitized by Rose Bengal, in acetonitrile/pyridine (4:1 Yv)
solution was studied and the results shown in Table 3.18. Higher yields

of carbon dioxide were obtained when the reaction was performed under
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TABIE 3.18

Yields of carbon dioxide from irradiation(®) of methyl pyruvate
(2x107% M) in acetonitrile/pyridine (4:1 Yv) solution,
sensitized by Rose Bengal(P) under different oxygen concentrations

Conditions Yield (%) of carbon dioxide
Argon 17.4
Oxygen 27.1
Air 42.5
Nitrogen (OFN) 12.0
| Nitrogen (Commercial) | o .. 11.4.

(a) 18h irradiation; 2% potassium chramate 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 shown 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 show 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

23,24

singlet oxygen, although no concrete evidence was put forward in

these studies to substantiate such a claim. Fram 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 photoFoxygenation
of a-keto-carboxylic esters. Although further studies are required in
order to conclusively elucidate the réle that singlet oxygen may play in
these reactions, its participation is considered unlikely because of the
cbserved effect of dxygen 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 low and high oxygen concentrations. However,
the decarboxylation of methyl pyruvéte 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 frcnineihyl pyruvate should have been camparable at both low and
high oxygen concentrations, and as this was not the case a singlet oxygen
mediated reaction is considered improbable. 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
react via a singlet oxygen mechani sm, 22+36

Fram 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 following 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 Scheme 3.20, has
been suggested as an intermediate in the direct photo-oxidation reactions
of 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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hw ISC _
DyeSo —_ l'.lyeS1 — lZlyeT1 (1) -
Dye, + RCOCOOR' — Dye™ + (RCOCOOR)* (2)
1
Oye™ + 0, — Dyes + 07 (3)
o ) L
.? )
R n . R
07 + (RCOCOOR')* —R— ' ~/C00R" — R—C—00- + 0=C—0R" (4)
N O L
Q R'H ., Dye
R-=C-00- — R + RCO,H Ty (0, + ofher products (5)
L .. R'H _, o
0=C-0R"—(C0 + OR° = R’OH + R (6)
and (RCOCOOR")* — (RCO)" + 0=C-0OR" (7)
0 0
+ . 2 -
(RCQ)" » Dye-’—»DyeS + (RCO) — R-C-00- (8)
o}

(Qhere 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 fram the reaction
shown in Scheme 3.20.

Per-acid intermediates have been shown to be produced in the direct
photo-oxidation of a-keto-carboxylic esters,’? 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 dyejsensitized reaction both under
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TABLE 3.20

Yields of carbon dioxide fram the dye-sensitized
reaction(®) of per-acetic acid (3.2 x1072 M) in
acetonitrile/pyridine (4:1V/v) solution

Conditions Yield (%) of carbon dioxide
Under argon 8
Under oxygen 9

(a) Rose Bengal = 0.02g/25 ml; 2% potassium
chramate 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 atam 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 O =C-0-R' with the
formation of hexanol fram the resulting ‘OR' radical is favoured over the
fragmentation of the species O =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 vprovides 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 campared to the yield of
alcohol.
Cbviously further experiments, for example (a) a full product study

for each a-keto-carboxylic ester and (b) an investigation into the role
| that.singlét okygen 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 upcn the oxygen

concentration. A mechanism, not involving singlet oxygen, is proposed.
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3.7 THE DIRECT PHOTO-INDUCED FRAGMENTATION OF A SERTES OF IONG CHATIN
O-KETO-CARBOXYLIC ESTERS

Object of investigation

It has previously been demonstrated that a-keto-decanoic acid under-
goes the Type II reaction leading to hept-l-ene and pyruvic acid.?! Fram
quenching studies using cyclohexa-1,3-diene, the excited state responsible
for the fragmentation process was thought to be the triplet.21 o~-Keto-
Qctanoic acid has rece.ntlyv been shown to undergo an anangqus 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-octanocates,

and probe the excited state fram which the fragmentation reaction occurs.

3.7 (i) PRODUCT STUDIES

o~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 camparison purposes. The Type II reaction of
| 2- (2-naphthyl)ethyl-a-keto-octanocate was also studied in acetonitrile
solution, (Table 3.22). The yields of carbon dioxide produced fram 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-d:i.radiéal, 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 fram the
direct irradiation(2) of 2-(2-naphthyl)ethyl-a-keto-octancate
(5x1072M) 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 octancate, 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-decanocic acid by Evans and
I..eermaker:s,21 cyclohexa-1,3-diene at concentrations >1.5M were used to
quench the Type II reaction. It was found that cyclohexa-1,3-diene at a
concentration of 1.0M almost totally quenched the formation of pent-l-ene
fram the Type II reaction of a-keto-octanoic acid in benzene solution,
(Table? 3.21).

The yield of carbon dioxide fram the solutions investigated was found
to be markedly increased in the presence of oxygen, with much lower yields
being obtained from the same reactions when performed under degassed con-
ditions, (Tables 3.21 and 3.22).

The rate of disappearance of methyl octancate in degassed deuterated
benzene solution was determined by following the reaction by 'H n.m.r.
spectroscopy, and was evaluated to be 0.3 x10°°% moles/min, [Fig. 3.24(a)].
The addition of the triplet quencher naphthalene had little effect upon

the rate of disappearance of methyl octancate under the same irradiation
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conditions [Fig. 3.24(b)] and was determined as being 0.28 x10~°® moles/
min. In both cases the pfoducts of the Type ITI reaction (methyl pyruvate
and pent-l-ene) were cbserved in the 'H n.m.r. spectra, although no
attenpt was made to quantify the yields as methyl pyruvate was observed

to undergo secondary photo-reactions.

3,7(ii) TASFR FLASH PHOTOLYSIS STUDY o

It has been shown, by nanosecond laser flash photolysis (Chapter 3.4),
that nraphtﬁa.lene. qﬁeﬁcheé the tr:.plet state .of- methyl pyruvate The | |
triplet lifetime of methyl pyruvate was found to be concentration
dependent (kgq = 2 x107 M™' s7!) and at concentrations of 5x1072M in
acetonitrile solution the triplet lifetime was found to be 140 ns,
(Chapter 3.4). Fram this lifetime measurement, the presence of oxygen
at a concentration of 8 x1073 M3 should reduce the yield of pent-l-ene
~20-fold if the triplet state of the ester is responsible for the Type IT
reaction.

Furthermore, laser flash photolysis of 2-(2-naphthyl)ethyl pyruvate
showed that the presénce 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-
naphthy]_.)ethyl pyruvate. The absorption bands between 600 and 800 nm may
be due to the formation of the naphthalene radical cation.32 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
from 2- (2-naphthyl) ethyl-a-keto-octanocate cannot»have. arisen fraom the
| triplet s-tate of the ester.

The addition of methyl viologen to aqueous acetonitrile solutions
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FIG. 3.26

Decay of triplet naphthalene, monitored at 415 nm, .
produced by energy transfer fram 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 V/v) 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 predominantly produced by reaction of methyl viologen

with the excited states of the ester.

3.7(iii) DISCUSSION

ESter derlvatlves of d-ketd-dctanbic 'acAid' are shcwn 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 shown in Scheme 3.21.

AYe
CH,—CH, 0 CH,~CH, 0
/ \ ” hY / \ Y
CH, CH,CH, - CH C—C —= CHH,CH,~CH ‘c—C
\ I\ , / N\
H 0 OR HO OR
CH, /0
CHH,(H, CH= O, « o
/ \
HQ OR
. (where R=-H, -CH, or -CH,CH2>
Scheme 3-21

As the yields of pent-l-ene, fram irradiation of the a-keto-octanocates,
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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from the excited triplet state. This view is further substantiated by the
finding that good yields of pent-l-ene are obtained from 2- (2-naphthyl)-
ethyl-o-keto-octancate. 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-o-keto-octancate is quenched by the naphthalene
group within the molecule. Naphthalene also quenches the triplet state
of methyl pyruvate and this is consistent with the cbservation that
triplet pyruvic acid'is efficiently quenched by oxygen and naphthalene.3Z
It can be concluded that the Type II fragmentation reaction of both
o~keto-carboxylic acids, such aé a-keto-octanoic acid, and a-keto-
carboxylic esters, such as a-keto-octancates, occurs from the excited
singlet state. This view is in direct conflict with that proposed by
Evans and Leermakers21 who showed that high concentrations of cyclohexa-
1,3-diene quenéh the Type II reaction of a-keto-decanoic acid, and as such
invoked the participation of the triplet state. However, it has now been
appreciated that the excited singlet states of ketones are quenched by
high concentrations of dienes38 including cyclohexa-1,3-diene. It has
also been shown that a-keto-carboxylic esters react with alkenes to give

39,40

[2 +2] cycloaddition products, and that the excited singlet state of

40 Thus it would

methyl pyruvate is quenched by cyclohexa-1,3-diene.
appear that the quenching observed by Evans and I1:‘:(—:-1':nake;r:s21 was due to
quenching of the excited singlet state.

~ The qﬁestion arises as to how carbon dioxide is produced in thege
systems. As the yields of pent-l-ene are high when the reaction is
performed under oxygen, it appears that the oxygen is not interacting
with the intermediate 1,4-diradical.3® In all probability the carbon

dioxide generated in these systems (Tables 3.21 and 3.22) cames fram the
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subsequent reaction of the dicarbonyl campound which is produced,
together with pent-l-ene, fram the Type II fragmentation reaction of the
parent molecule (BEquation 3.22) via the mechanisms previocusly 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).

CH CH |

N2 T W o oter products
/C_-.C\ - /C-C oo, 2 T

HO OR 0 NoR (3-22)

(where R=-H, =CH, or -CH,EHz @@

Surmary
Methyl octancate and other a-keto-octancate ester deri\(atives undergo
the Type II fragmentation reaction to give pent-l-ene. Fram 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-octancates, occurs fram
the excited singlet state. The carbon dioxide produced in these reactions
is suggested to arise fram a secondary reaction of the dicarbonyl fragment

produced in the Type II reaction.
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4.1 INSTRUMENTATION

Fluorescence spectra were recorded using a Perkin-Elmer MPF4 spectro-
fluorimeter. A Pye-Unicam SP 800 and a Perkin-Elmer 402 spectrophoto-
meter were used to record ultra-vioclet and visible spectra. Where |
solutions of known optical density at a specific wavelength were required
a Cecil Instruments CE 272 Linear Readout Ultra-violet Spectrophotameter
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 were recorded on a Varian
T60 or a Jeol JNM-MH 100 spectrameter. Tetramethylsilane (IMS) was used
as the internal standard and deuteriochlorofcrm (CDCl;) was used as the
solvent unless otherwise stated. [The following abbreviations have been
used in the spectral interpretations:- s =singlet; d=doublet;

t = triplet; g=quartet and m=multiplet.]

Melting points were determined using a Kofler block and are
uncorrected. All campounds prepared as oils were distilled, under
reduced pressure, using a Buchi Kugel oven. Boiling points are
uncorrected.

Mass spectra were recorded by Mr. C. Whitehead using a Kratos MS 30
mass spectrameter (cannected to a DS-50-S data system) operated at 70 eV.
The molecular ion is given in each case.

Elemental analyses were performed by Mr. P. Hemming using a Carlo
Erba Model 1106 Elemental Analyser.

Gas liquid chramatography was carried out using a Perkin-Elmer Sigma 3
gas chramatogram, equipped with a flame ionisation detector, which gave
a linear response over the whole 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 fram
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 colum at 30°C. Hexaldehyde and hexanol were
determined using a Perkin-Elmer 10% SE 30 colum at 70° and 60°C
respectively. In each case the supporting material was Chramosorb W

60-80 mesh and the column dimensions were 8' x 3",

4.2 REAGENTS AND STARTING MATERTALS

The reagents and starting materials used in the experiments described
herein were obtained fram the following manufacturers and used as

supplied unless otherwise stated.

Aldrich Chemical Co. Ltd.

Acetaldehyde (99%)

Acetanitrile (Gold Label - spectrophotametric grade)
Alloxazine

Benzene (Gold Label - spectrophotaretric grade)
Biphenyl (recrystallised fram acetonitrile prior to use)
9-Cyanoanthracene

Cyclchexa-1,3-diene (99%)
2,3-Dichloro-5,6~-dicyano-1,4-benzoquincne (98%)
a,o0-Dichloramethyl methyl ether (97%)
Dimethylformamide (99%)
2,6-Dimethylnaphthalene
Ethylenediaminetetraacetic acid [EDTA] (99%)
Ethyl pyruvate (98%)

n-Hexane (99+%)

l1-Hexene (99%)

a-Keto-butyric acid (99%)

a-Keto-glutaric acid (99%)

Lithium aluminium deuteride (98% D)
9-Methylanthracene (99%)

Methylglyoxal (40% agueous solution)

Methyl pyruvate (94%)

Methyl viologen hydrate

9-Nitroanthracene (97%)
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Aldrich Chemical Co. ILtd. (continued)

Pyrene

Pyruvic acid (95%)
Quinoline (95%)
Triethylamine (99%)

James Borrough Ltd.
Ethanol (Absolute)

B.D.H. Chemicals Ltd.

Ammonia (0.88 AnalaR)

Barium hydroxide (97%)

Benzyl alcchol (98%)

t-Butanol (AnalaR)

Calcium hydride (99.5%)

Dimethylsulphoxide (98%)

n-Hexanol (distilled over calcium hydride prior to use)

Isopropanol (AnalaR)

Methylene Blue (metal-free)

2-Methylnaphthalene

Molecular sieve: Type 3A and Type 4A (self-indicating)

Naphthalene

Phenanthrene (95%)

Potassium chromate (99%)

Potassium hydroxide pellets

Pyridine (distilled and stored over potassium hydroxide pellets
prior to use)

Rhodamine B

Riboflavin

Rose Bengal

B.O.C. Litd.

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 - commercial grade (<0.5% oxygen content)
Oxygen (Research grade)

Xenon (Research grade)

Cambrian Chemical Co. ILitd.
Acetonitrile (AnalaR)

Eastman-Kodak Co. Ltd.
Acridine ,
9,10-Dicyancanthracene
Rose Bengal

Ralph N. Emanuel
Benzoylformic acid [phenylglyoxylic acid] (97%)
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Ralph N. Emanuel (continued)
1-Cyancnaphthalene
2,3-Dimethylnaphthalene (99%)

Myrcene
Tetracyanoethylene

Fiscns Chemical Co. Ltd.

Acetone (AnalaR)

Benzene (AnalaR)

Carbon tetrachloride (AnalaR)
Chloroform (AnalaRr)

Ethyl acetate (AnalaR)
Hydrochloric acid (1.18 Sp. Gr.)
Magnesium sulphate (dried)
Methanol (AnalaR)

Sulphuric acid (98%)

Fluka Chemical Co. Ltd.
o-Keto-valeric acid (99%)

CGoss Scientific Instruments Litd.

Acetconitrile-d; (99% D)
Benzene-dg (99.6% D)
Chloroform-d (99.8% D)
Deuterium oxide (99.8% D)
Tetramethylsilane

Hopkin & Williams Chemical Co. Ltd.

Glutaric acid

Koch-Light Chemicals ILtd.

t-Butylamine

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-Diphenyliscbenzofuran (DPBF)

The Radiochemical Centre, Amersham

[1-1*C]-pyruvic acid, sodium salt
[2-1*C]-pyruvic acid, sodium salt
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Sigma Chemical Co. Ltd.

Erythosin B
oa~Keto-octanoic acid (99%)
Phenylpyruvic acid

The author gratefully acknowledges the following individuals for
providing the materials stated below:-
Dr. H. A. J. Carless:- Per-acetic acid (6% in glacial acetic acid)
Dr. S. Matlin:- Nitrosamethyl urea
Miss J. E. Pratt:- 2-(l-naphthyl)ethancl and 2-(2-naphthyl)ethanol
Mcs. M. Szpek:= 3,3-Dimethyl-2-keto-butyric acid and tetraphenyl-
porphyrin.

4.3 PREPARATION OF MATERIALS

4.3.1 PREPARATION OF (&¥-KETO-CARBOXYLIC ESTERS

4.3.1(i) PREPARATION OF PYRUVOYL CHLORIDE

The acid chloride of pyruvic acid was prepared using the method
described by Ottenheijm and De Mam1 as outlined in Equation 4.1 (where

R= C.Ha‘).
RCOCOCH + C1,CHOCH; == ROOCOCL + HCOOCH; + HCL (4.1)

a,a-Dichlaramethyl methyl ether (0.06 mole) was added drcpwise, with
stirring, to pyruvic acid (0.06 mole) under nitrogen at roam temperature,
with the evolution of hydrogen chloride gas. The mixture was heated at
an oil bath temperature of 50°C for 30 minutes. The 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
esterification step.z] A yield of 54% (~0.03 mole) was assumed as

obtained previously. 1

4.3.1(ii) PREPARATION OF (x-KETO-OCTANOYL CHLORIDE

This compound was prepared by the method given in 4.3.1(i) above
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using a-keto-octanoic acid (R=CH;(CH;)s- in Equation 4.1) in place of

pyruvic acid.

4.3.1(iii) PREPARATION OF BENZOYLFORMYL CHLORIDE

This campound was prepared by the method given in 4.3.1(i) above
using benzoylformic acid (R=CgHs- in Equation 4.1) in place of pyruvic
acid.

4.3.1(iv) GENERAL METHOD FOR THE PREPARATION OF (¥-KETO-CARBOXYLIC -
ESTERS

The a-keto-carboxylic esters were prepared using the method described

by Binkley? as outlined by Equation 4.2 below.

benzene/pyridine
<10°C

RCOCOC1 + R'CH RCOCOCR'! (4.2)

where: -

]

(a) R=CHj3- ; R'= (CH2).CH-
(b) R=CH;- ; R'= (CH2).CD-

Isopropyl pyruvate
2-Deuterioiscpropyl pyruvate

(c) R=CH;3- ; R'=CgHsCH;- = Benzyl pyruvate

(d) R=CHj3- ; R'=CH3(CHy)3- = n-Butyl pyruvate

(e) R=CHsz- ; R'= (CH3)3C- = t-Butyl pyruvate

(f) R=CH;3;- ; R'=CH;(CH;y)5~ = n-Hexyl pyruvate

(g) R=CgHs~; R' =CH;3CH;,- = Ethylbenzoylformate
CH2CH2~

(h) R=CH;- 2-(1-Naphthyl)ethyl pyruvate

~s

CH,CH,-
(1) R=CH;- ; R'= = 2-(2-Naphthyl)ethyl pyruvate

CH,CH;, -
(]) R=G‘I3 (CHz)s'; R'= o= 2= (2-Naph‘chyl)ethyl octanoate.

The alcchol to be esterified (0.03 mole) and dry pyridine (0.06 mole)
were dissolved in anhydrous benzene solution (100 ml). The 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 immediate. The reaction was cooled in an ice bath to
keep the temperature below 10°C. When addition of the acid chloride was
camplete the mixture was allowed to reach room temperature 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 o-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 cbtained for each

a-keto-carboxylic ester is given below.

(a) Isopropyl pyruvate

B.pt. 58-60°C, 15 mm. (Lit. 62-64°C, 17 mm.%)

Nmr. (CDCl;) §=5.4 (m, 1H); 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™!.

3

(b) 2-Deuterioisopropyl pyruvate

B.pt. 52-53°C, 15 mm. (Lit. 61-62°C, 22 mm.

Mmr. (CDCl;) 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™!.

%)

() Benzyl pyruvate
B.pt. 110-112°C, 16 mm.
Nmr. (CDCls) §=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-Butyl pyruvate
B.pt. 85-87°C, 26 mm.
Nmr. (CDCl;) § =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 cm™!.

(e) t-Butyl pyruvate

B.pt. 45-46°C, 24 mm. (Lit. @ 35°C, 12 mm.

Nmr. (CDCli) 6§ =2.46 (s, 3H); 1.56 (s, 9H).

IR, (Neat film): 1725, 1370, 1315, 1285, 1260, 1135, 975,
835, 745 am™!.

3

(f) n-Hexyl pyruvate

B.pt. 104-106°C, 23 mmm. .

Nmr. (CDCls) 6 =4.15 (t, 2H); 2.4 (s, 3H); 1.1 (m, 11H).

IR. (Neat film): 2960, 2920, 2860, 1730, 1470, 1420, 1360,
1300, 1140, 990, 895, 720 cm™!.

(g) Ethvlbenzovlformate (Ethyl phenvliglyoxylate)

B.pt. 138-140°C, 30 mm. (Lit. 75°C, 1 mm.?)
Nur. (CDCl;) 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.

Nnr. (CDCl;) § =8.72 (m, 1H); 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™!.

C15H;403 requires C, 74.36; H, 5.82: fourd C, 73.79; H, 5.75.

Mass spectrum: m/e 242 (m*).

(1) 2-(2-Naphthvyl)ethyl ate

White crystals [petroleum ether (40-60°)/ethyl acetate]

M.pt. 82-83°C.

Nmr. (CDCl;) § =8.29 (m, 4H); 7.94 (m, 3H); 4.9 (£, 2H); 2.95 (t, 2H);
2.61 (s, 3H).
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IR. (Nujol): 1735, 1270, 1150, 960, 827, 752 am”t,
C15H14 03 requires C, 74.36; H, 5.82: found C, 74.54; H, 5.78.
Mass spectrum: m/e 242 (m*).

(3) 2-(2-Naphthyl)ethyl octanocate

Waxy solid M.pt. @ 35°C.
Nmr. (CDCl;) § =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 cm™!.
C20H24,0; requires C, 76.92; H, 7.69: fourd C, 74.16; H, 7.8.
Mass spectrum m/e 312 m*). R |

4.3.1(v) PREPARATION OF METHYL-(¥KETO-OCTANOATE

a-Keto-octanoic acid (1g) was dissolved in a solution of dry ether
(3 ml) and cooled in ice. An ethereal solution of diazamethane was
added slowly dropwise with stirring until gas evolution ceased ard the
reaction mixture acquired a pale yellow colour. The solvent was removed
in vacuo leéving a pale yellow coloured oil which gave a colourless oil,
upon distillation under reduced pressure, in excess of 75% yield.

B.pt. 58-60°C, 12 mm.
Nmr. (CDCls) § =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™!.
CeH1603 requires C, 62.78; H, 9.36: found C, 62.75; H, 9.48.

4.3.2 PREPARATTION OF 2-DEUTERTOISOPROPANOL

2-Deuterioisopropanol was prepared as previously descr:i.bed.4'

Lithium aluminium deuteride (lg)- 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 ard the precipitated alumina removed by filtration. The
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ethereal solution was dried over magnesium sulphate, filtered and
distilled using a fractionating colum. The first fraction (ether)
was discarded and the secord fraction collected yielding the product,
2-deuterioisopropancol, in >35% yield.

B.pt. 80-82°C. (Lit. 80-82°CY).

Nmr. (CDC1l;) 6§ =2.32 (s, 1H); 1.24 (s, 6H). [The addition of
deuterium oxide removed the signal due to the exchangeable -OH
proton at 2.32 §.]

The 2-déuterioisopropanol cbtained by the above method was used in the
esterification process [4.3.1(iv)] to prepare 2-deuterioisopropyl

pyruvate.

4.3.3 PREPARATION OF DIAZOMETHANE

Diazcamethane was prepared as previously described.5

Potassium hydroxide (4.8g) was dissolved in distilled water (9.7 ml)
ahd added to a solution of ether (35 ml) cooled in ice. Nitrosamethyl
urea (3g) was added to the reaction mixture slowly over a period of 1
hour, stirring continuously. ‘fhe mixture was stirred for a further 5
minutes, whereupon it was decanted and left to stand over potassium
hydroxide pellets for 15 minutes. The diazamethane solution was again
decanted and left to stand over potassium hydroxide pellets for a further
1 hour before being used in the esterification of a-keto-octanocic 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 lamps having
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a maximum emission at 350 nm (16 x8W, Sylvania F8T5/BLB). The reactor
was also equipped with a tube holder (capacity 8 tubes) which 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
lamps (8 x20W, Cryselco). The reactor was also equipped with a tube
holder (capacity 4 tubes) which 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 TRRADIATION PROCEDURES

Each gas used, to purge the prepared solutions, was first passed
through a Dreschel bottle containing saturated barium hydroxide
(@ 100 ml) and then through a cylindrical glass tube (lmx2.5 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 cbtained.

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 photochemical reactér. After irradiation the yields of
carbon dioxide were determined as described in 4.6. In same 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 sare 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 cammencement of irradiation and for 1 hour after
irradiation, to remove any residual carbon dioxide trapped in solution,
at a gas flow rate of 10ml/min.

The results obtained fram 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 :‘Ln Table 2.29

where 10 ml solutions were used respectively.

4.6 DETERMINATION OF CARBON DIOXIDE YIEIDS

The various methods for determining the yield of carbon dioxide
produced in a photochemical reaction have been reviewed.6 A gravimetric
method, for the determination of carbon dioxide, was utilised in the
work 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
fiushing 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 two 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 thrqughout 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 fram 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 removed from
the photolysis solution.

The carbon dioxide produced in the reactions of the !*C-labelled
pyruvic acids was determined by flushing éach solution, after irradiation,
for 2 hours with the appropriate gas and passing the exit gases through
two Dreschel bottles containing potassium hydroxide (0.1M, @ 100ml).
The '*C-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-100 scintillant (4 ml) and the

results reported in Table 2.20.

4.7 DETERMINATION OF PENT-1-ENE, HEXATDEHYDE AND n-HEXANOL

Where it was necessary to determine the yield of pent-l-ene, hexalde- '

hyde or n-hexanol as photolysis products fram 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 ard 3.22 respectively.

4.8 ANALYSIS OF PHOTOLYSES OF !“C-IABELLED PYRUVIC ACIDS

The liquid scintillation counting reported in Table 2.20 was kindly
performed by Dr. G. Turnock, Department of Biochemistry, University of
Leicester. The reaction mixtures were prepared as described below.

The !*C-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 (1072M, 55ml) and left to
equilibrate for 1 hour. A sample 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 ard oxyc_jen-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 removal of carbon dioxide a sample 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 'H 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 MHz !H 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 canpouhd
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-octancate) and the residual proton peaks of the deuterated
acetonitrile and deuterated benzene solutions in each case. In this way
the disappearance of the oa-keto-carboxylic acid or ester and the
appearance of photoproducts was determined and the results reported in

Figures 2.5, 3.1-3.9 ard 3.24 and Tables 3.3-3.5 respectively.

4.10 TRRADIATION 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 ard 3.18-3.21 respectively.

4.11 RATE OF PHOTO-OXYGENATION OF (¥-KETO-CARBOXVI.IC ACIDS MONTTORED
BY POLAROGRAPHY

The polarographic measurements were kindly performed by Miss H.
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Kinghorn, Department of Biochemistry, University of lLeicester. The
reaction mixtures were prepared és 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 chromate
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 sample was diluted 10 times
with a 20 mM Tris buffer/10 mM magnesium chloride solution (1:1 %)
prior to polarographic analysis. In each case the height of the observed
peak was measured ard campared to the initial peak height of the sample
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 FFFECT OF QUENCHERS UPON THE RATE OF PHOTODECOMPOSITION OF

- @-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. Fram the values obtained for
each solution (3 ml), the effect of added quencher upon the rate of a-
keto-carboxylic acid photodecamposition was evaluated and the results

reported in Table 2.15.
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4.13 RECORDING OF FLUORESCENCE SPECTRA AND FLUORESCENCE QUENCHING

EXPERTMENTS
Dilute solutions (3 ml) of the campounds urder test were made up to
have an optical density of 0.1 at the excitation wévelength used for
each campound. This was achieved by diluting a more concentrated
solution of the fluorescing campound in each case. The excitation

wavelengths used for each of the campourds investigated are given in |

Table 4.1.
TABLE 4.1
Fluorescing coampourd Aex (nm)
1-Cyanonaphthalene 315
2,6-Dimethylnaphthalene 295
9-Cyancanthracene 415
9-Methylanthracene 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 Va.ryihg amounts of the quencher to a
solution of the fluorescing campound and the Stern-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 TASER FIASH PHOTOLYSIS EXPERTMENTS

(a) RATE CONSTANTS FOR REACTION OF (~-KETO-CARBOXYLIC ACIDS WITH
SINGLET OXYGEN AND METHYI.ENE BLUE

These measurements were made in conjﬁnction 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, 1J pulses from a Q-switched ruby laser operating at 694 rm.

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 > 5x10"3M) in the presence of
Methylene Blue, (5x10°°M). The change in absorption at 420 rm
resulting fram the laser flash was followed and the rate of reaction
determined using the procedure described by Kayser ard Yow.mg.7

The reactions of singlet oxygen with the a-keto-carboxylic acids were
studied by flashing solutions of Methylene Blue (5x10°°M) in order to
generate singlet oxygen and by following the bleaching of 1,3-diphenyl-
isobenzofuran (DPBF, 2 x10”°M) at 410rm. The rate of reaction was
determined 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 <5x107°M) to avoid modification
of the observed bleaching of DPEF resulting fram campeting reaction
between the a-keto-carboxylic acid and the triplet étate of Methylene
Blue. The rate constants determined by the above procedures are repoi-ted
in Table 2.30.

(b) TRANSIENT ABSORPTION MEASUREMENTS

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
been described.? The results obtained fram 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, Lordon, 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 ard 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 mm
fram a Xe-F gas mixture in helium was the light source. The light pulses
produced by this system are of ~23 ns duration ard ~114 mJ. A conven-
tional pulsed-Xenon arc lamp detection system with a Hamamatsu (Type
R928) photamiltiplier tube was used. The observed transients are
reported in Figure 3.10 ard 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 (¢-KETO-CARBOXYLIC ACIDS AND RETATED COMPOUNDS

Dean Goodwin

ABSTRACT

Basic photochemistry, the photoreactions of carbonyl compounds and the
mechanisms involved in photo-oxygenation reactions are surveyed. The
photochemical reactions of a-keto-acids and esters are reviewed.

Fram photophysical and decarboxylation studies of a-keto-acids and
esters in degassed solution, the direct photoinduced decarboxylation
reaction is shown to occur via a bimolecular electron transfer reaction
as opposed to a Norrish Type I fragmentation. The addition of triplet
quenchers enhances the decarboxylation reaction via a mechanism
suggested to involve radical processes. The proposed mechanisms are
substantiated by using electron acceptors to sensitize decarboxylation.

The 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
fram the triplet state via a Norrish Type II process.

Fram photophysical, quenching and product studies in degassed solution,
the Norrish Type II reaction of long chain a- keto acids and esters
occurs fram the exc:,ted smglet state.

a-Keto-acids and esters undergo direct photo-oxidative deca.rboxylatlon,
- leading to higher yields—of carbon dioxide-thanmunder degassed cendi--
tions. Decarboxylation of pyruvic acid occurs fram 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 acceptors.

The 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 mechanism.

The reported results confirm that photochemical a—-cleavage of the bond
linking the carbonyl groups in 1,2-dicarbonyl compounds is an unfavourable
process.



