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ABSTRACT

The work described In this dissertation was concerned with the
photolysis of 2-pentanone, 4-methyl-2-pentanone and 2-hexanone in
‘solution. The principal atm was to study the effect of variation
of the solvent on the relaiive ylelds of the Type | elimination and
the cyclization reactions. Both polarity and viscosity effects of
the solvent were studied, The polarity effects were !n accard with
expectations based on current literature hypotheses which in turn are
based primarfly on work with ary) alkyt ketones. Small effects
attributed to a solvent viscosity influence ;«ere observed for the
first time and a tentative explanation for these is advanced., A
novei reaction - photoketalization - which appears to occur without
acld or base catalysis, was discovered. Possible mechanisms of
the photoketalization are discussed,

As a basis for the !ncerpretatio? of the results of this work, s
eritical review of the present state of knowledge about the photelysis

of ketones is presented in the Introduction.
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INTRODUCTION  °

A General Dutline

The photochemistry of ketones has been, and deubtless wil) “continue
te be, the subject for a vast amount of research work. In the work
to date two points are of particular interest in re{;t(cn to the
present investigstion. One is the nature of the two lowest energy
excited state; open to an excited ketone and any possible dlfferences
between them. The other concerns the possible Intermediates . ~'~g
in the most comwon pathways of reaction of the excited ketone. [t
Is the purpese of thls introductory chapter to review these matters
which are fundsmental to an understanding of the present rasults.
The arrangement of this review is described balow.

trradiation of a ketone with ultraviolet light leads te three
main unimolecular reaction paths - Norrish Type | and Type || reactions,
and cyclization. The Jacter two reactions will attract most attention
in this dissertation, but 81! three are Initially autlined In
section B,  The excited ketone formed by absarption of a photon is
generally accepued to be elther a singlet state or (following interhatl
canverslon), a triplet state. These two excited stotes of ketones
are suggested to have different structures relative to the ground
state and to exhibit differences fn thefr reactivities, {ifecimes and
other properties (see section C). The principal method of determining

the contribution of each state to the tota) natt photochemical remction,

e
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viz. quenching experiments, is also an important Indicator of any
differences between the states. Quenchinc experiments have been
greatly refined in recent times and some of the earlier confusion
and contradictory resuits, resolved. Some of the principal con-
clusions from such experiments with dialkyl ketones (the roncern of
this dissertation) are discussed in section ¢ 3 of thls chapter.

Norrish Type (1 elimination and cyclization are thought to occur
via a common Intermediate, which is now widely accepted m‘be ERR
biradical. It is clewr, thev.‘ore, that an undersfanding of these
photochemical reactions revoives around a knowledge of the factors
affecting the formation and decay of this biradical. Some of the
knowledge available at present is discussed in section & of this
chapter.

Host of the earlier photochemical studies of ketones were of the
gas phase processes, but the greater amount of work today concerns the
Tiquid phase. Many media effects on ketone phatochemistry have been
recorded tn a rather fraguentary way In the literature, These are of
particular importance in regard to the present work which is partly
concerned with viscosity effects. To provide a basls for an under-
standing of the present results, the existing Information Is revte«lled
in section E.

In additlon to the unimolecular photoreactions reforred te ahove,
a considerable number of bimolecuiar photoresctions of ketones hera
been described. Tt weuld be out of place here to refer to them
all, since they are not directly relevant to the present work. How
ever, hydrogen transfer from solvent Is one such reaction that Is

refevant, and some aspects of this are therefare reviewsed in section £,
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B Basic Unimolecular Photoreactions of Ketones

Ketones exhibit tnree photochemical reactions that appear to be
unimolecular In nature. One that is universally exhibited to vary-
ing degrees is the Norrish Type | reaction (Scheme f, reaction A}, or

1,2

a-cleavage into radicals The other two resctions take place

only 1f there Vs a y-Hydrogen present in one of the alkyl groups,
These two resctions are the Norrish Type |1 reactlon lead(pg to the ! !
, elimination of an alkene ! (Scheme 1, resction B), and a variant of ; {
the Type 11 reaction found by Yang, leading to a cyclobutanal 3

(Scheme |, reaction C).* H

Scheme |

Rio“g(CHzlsR 0 R,g" R — A ‘ ‘
RyH+ HCICH,R + CO ete

4 b R b4 ‘cur P <E?:c + CHF CHR

: RCICHR s Ry g™ ¢ RiCCHy + CHy ,

» , CH—CH, . ,
\ |

Xz‘ . : i

‘ |

: oH

' r §-om |

: CHg CH,

* These resctlons can usyally be brought aboutr with radiation of

wavelength about 300nm, i, however, a sho- velength is
i
| used a Norrish Type 111 reaction (yleld 1,=GHCH R)
| , 2 2,k
1 i may occur ©. This mods of reaction Is neg < at 313mm °*7, H
i
- - . asilfoc, s . L__m_
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The Intramolecular hydrogen abstraction was first proposed by
Noyes 5. The Ketone formed from reaction B (Schems ()} is Initlally
produced in the enol form R‘E(OH)s-cHZ as was first shown experimentally
by long=-path infrared studies of the photolysis of gaseous
2-~pentanone 5. ! ¥

With ketones having alky) sidechains of Jess than three carbons

in length, Type | reactlion is the major process. The probability of

a Type | reastion, however, Is reduced when a y-hydrogen Is present 7‘6. %
There {s a further smaller degrease In Type | quantum yields when the : f
type of y-hydrogen changes from primary to secondary to tertlary 9’10. ! i

Keeping such variables constant, the Type § reaction quantum yield I
appears to decrease with increasing alkyl chain length 1. :
The fact that radicals are formed ip the Type | reaction

{Scheme 1, reaction A} was first proposed by Bamford and Norrish in-

1935 2 and has since becn overwheimingly proved. One would expect

that the more stable the radical Re, tha more likely it is to be a

Type | fission product. Indeed, Yang has shown that 2-methyl-2- 5

bropyt ketones {(6H,)€ a8 &, (loy) 0),y +i 131, undergo a comsider-
able amount of Type | resction in the tiqui =i -se to produce the
comparatively stable 2-methyl-Z~propy! radical. Also Ausioos and

Rebbert find that 90% of the Type | breakdown ¢ 2-pentanone in the N

liquld phase produces CHSCD« and ~CHZCHZEH3 1“. Furthermore,
Pltts and Blacst, using 1l1ght of wavelength 313nm to frradiate :
gaseous methyl ethyl kétone, found the amount of ethyl radicals :
produced was far larger than that of methyl radicals (40:1 at 100%c) 15‘ ‘ }
HoweVer, some opposing findings have been reported. Guillet and
cowarkers have shown that in the liquid phase phatolysis af ;

k-methyl=3-hexanone, products derlved from the sthyl radical are formed ' :

- N
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about 10 times more abundantly than those rrom the butyl radicat 1 *.

Also Kicol and Calvert, from a study of the gas phese photolysis of
ketones of the type 1-PrCOR, have shown that the larger R group does
not necessarily produce more Type | reaction 7. 1t should be noted,
however, that this jatter observation is made onh the basis of com-
parisons between the total Type [ quantum yields of djfferent ketones,
and these ylelds will be influenced by the relative competitiveness of
other processes. This competitl’veness will Tn turn be I’nfluencad by
variance in the nature of the group R,

in certaln cases the Type | roaction {s elimipated. Guillet
and coworkers showed that with an u~methoxy group in the sidechain
(2-methoxy-3~pentancne), no Type ! products are formed 16, {For a
discussion of the efiect of f-alkoxy groups see introduction, section
01{b).) The Type i} quantum yield for this compound is incressed
ever that obtalned from a similtar alkyl ketone {(4-methy!-3-hexanane)
and a Tower energy for the Type |l transition state for the former Is
therefare proposed (rather than there being any inhibition of the
Type | reaction).

A1l the typss of L) chemical reactions of ketones have been
studied in both the vapour and 1iquid phases {except the Norrish
Type 111 reaction which has only been observed in the gas phase)
Type | guantum yields are much lower in the tiquid phise than In the
gas phase, prahab‘iy at least partly because of a cayr ¢ifect. In

contrast 1t has been shown that the Type 1| reactio~ svcurs roughly

*>

They ateribute this to a possibly greater offlu.ciu v +f escape of
the ethyl radical from the solvent cage as com: we 10 the larger

2-butyl radical {see lntroduction, section E3{2}}.
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in the same quantum yields in both phases "7'7,  fouever, the cyclo-
butano! seems to be formed to a greater extent in the liquid phase
than in the gaseous phase Irradiations. indeed, only on- or two
authors have reported cyclobutanols Tn gas phase studles 5+% -
though this may be partly due to the fact that they often did not look
for such compu-nds,

Ia 1967 Ausloos and Rebbert found a pressure effect on the photo~
chemjstry of gaseous 2-pentanone 1“‘ These authors found that,
using 313nm irradiation, the quantum yield of the cyclobutanol
(1-methyicyclobutanol) increased as the pressure Increased (at 28°C and
pressures between 0,13 and 32mm, photolyses produced quantum yields of
0,028 up to 0,108). A temperature decrease had the same effect (at a
pressire of 15mm photolyses at 150°C and 28°C produced quantum yields
of 0,0kh and 0,075 respectively). Also the ratios of cyclobutanal :
acetone (i.e. cyc)izatlon : elimination} under a variety of conditions
of temperature and pres:ure, lay In the range 8,1 to 0,3 for the gas
phase I;radlat!on. while at voriou. temperatures In the 1lquid phase
the ratio lay between 0,4 and 0,5. It s reasonable to argue timt if
the reaction process s similnr in the two phoses (there appears to be

no evidence to suggest otherwise}, an effect stmilar to the gas phase

pressure effect may be obtained in the 1iguid phase by varying the viscosity
of the Hiquid. indeed one of the alms of the work reported in this disser~

tation wes to Tnvestigate this posstbllity using three similar 2-alkanones,

€ Nature and Prapertles of the Ketone fxclted States

1. Hature f the Ketone Excited States

The photon of excitation energy absorbed by the carbonyl group,
usually Jeads to two electrons becoming orbitally decoupied. The
electron spins, however, usually remain antiparsllel and there is

formed an electronic isomer of the ground state, called the exclted

bt =l
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singlet state. The electron spins can become parallel forming the
tripiet state, the changeover being known as intersystem crossing (1SC)
Both states may vndergo radistive or non-radfative reversion ta the
ground state or chemical reaction. Numerous authors have observed that
the natural ifetime of the singlet is tess than that of the triplet
state as Its multiplicity is the same as that of the ground state, The
diagram below {Scheme 1) summarises these relationships:

Scheme 11

s, {ground state) MY, §y o

ety 3am

VAVAN

Flyorescence Reaction or’ Phosphorescence
Rediationless dsoay

Any higher energy excited singlet state {5, ete.), rapldly

cascades down to 51 especlaliy In the liguid phase 16. Also almist

all of the T1 comes from intersystem crossing {ISC) and not direct

absorption,
As regards ketones of the type relevant to the present work

{e.g. 2-pentanone) both Fluorescence and phosphurescence have tow

19,20

quantym yields in the gas phase and In solutlon Furthermore,

the quantum yleid of fluorescence and the singlet 1lfetime decresse
as the chaln fength of the alkyl group increases 21. Thus chemical
reaction or radlationless decay would seem to be the principal fates

of the electronicelly-excited states of simple ketones In solution.




Llooking at the excited states from an "orbital® viewpoint, the
singlet and triplet staies have the configuration of (nDJI(n*)1
®.
(commonly abbreviated to nw }. The n orbital is more or less

localised on the carbonyl oxyger atom while the 7° orbital is
18,22

*
The 5 +n

delocalized over both the ¢ and O atoms

excitation may be represented as;

~
~.

a0, Yo

ST

This model suggests that both states wlll exhIbit electrophillic and

radical-1Tke character in the vicinity of the singly occupied n

_orbital on the oxygen and nucleophilic (and possibly radical-1ike)

character above and below the carbonyl faces because of the presence
of a1 electron 22,

. :
@ ~(%0q,"
>%f’ . /.C O

2. Structure of the Ketone Excited States

Radiative transitions between states are governed by the Franck-
Condon principlie which requires all transltions to be vertical, i.e.
involve no ¢hange In internuclear distances. The rationale is that
electron movements are fastér than nuclear movements, A variety of
vibrational states are available to any slectronic.state and thera-
fore both the absorption and emission spectra will consist af closely
spaced lines corresponding to different vibratlonal energy changes.

The most probable transitions occur from the ground vibrational state
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when the internuclear distance is the equilibrium value, in the

case of higher vibrational states, however, the most probable transi-

tlons occur when the molecule is near one of the turning points of

the vibration. The implication of the Franck-Cenden principle is

that the excited state reached by absorption of radiation, must have

the same geometry as the ground state, However, this geometry need ’ i
not be the preferred equilibrium g=ometry of the excited sgate._

Rs seen before the electronically-excited carbony! group is
virtually a singly bonded entity and Tt would not be at «!l surprising
it its equilibrium geometry differed from that of the ground state.
The fact that there s a large difference between the energies of
absorption and emission of acetone indeed implies such a geometric
change between the groind and excited states 23. The explanation
advanced is that the Franck-Condon excited state molecuie (planar !
about the carbonyl group) has a long enough Iifetime to relax to
pyramidal geometry before emission. Indeed, direct spectroscopic
investigation has shown that equilibrium triplet formaldehyde is out
of plane (pyramidal) by 35° while the singlet state s out of plane by :

o 22,24

20 Wagner, on the basis of the results of experiments with :

acetone, has aiso suggested that the triplet state is more puckered
than the singlet state in the case of atkanones 2>,  As regards other
alkanones 0'Suttiv n and Testa, from a study of a number of examples,
suggest that an increase in the aikyl group size decreases the emergy
difference between the planar Franck-Condon excited state and l‘:he
pyramidal equilibrium excited state from which emission (and probably H
reaction) occurs 28, ;

The overall conclusion is that. the Franck-Condon principle is not §

a rellable gulde to the geometry of the excited states of ketones.
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The rion-occusrence of Franck-Condon geometry may complicate steric
interpretztions of excited state propertles,

3. Differences in Photoreact!vity Between Singlet ang

Triplet States
(a) Methods af’studx
Because of their distinctive propgrties the singlet and triplet i

excited states can be expected to make different contributions to the
nett photochemical change. These different ccntributlons.may be
revealed by comparing the photoreactions in the presence or absence
of added quencher. A quencher is a substance which can accept the
singlet or triplet excitation energy of the ketone, the theoretical
requlremenf for this being that i';s energy of excitation Is Tower than
that of the ketone Ir questlon ™. It is believed, for example, that 2,3-
butandione fs able to quench the singlet-state of simple ketones 28 ('&n&

hence also prevents formation of triplets), whereas dienes (such as

‘1,3-pentadiene} quench only the triplet state of most ketones 2, The

mechanism is usually thought to be a physical energy transfer process
concerning which there are many theories 30, but it has also been i
suggested that the quenching may be of a chemical nature In some

cases 31. In the energy transfer process, the acceptor or guencher

usually takes on the same spin state as the exclted donor 32. The

most Important fact 1n relation to quenching in solution, s that the

rate of the process is usually diffusion-controlled {except in media

of low viscosity 33) due to donor and acceptor having to move through i

the solution in order to encounter one another when facile energy

* Although experimenta) results are generally consistent with this

7

expectation, Yang has reported cases of inconsistency 2 .
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transfer may occur *. Recent experiments suggest that van der Waals
contact distances sre sufficient to permit energy transfer 3“.
Hence steric hindrance to gnergy transfer seems to be rarely found.

The effectivoness of a quenching process can be measured by
using the Stern-Volmer plot. It can be shown that 32:

%‘; =1+ qu[A}

where [A] Ts the concentration of the quencher (R); ¢, and ¢,
are the quantum yields of reactfon (or other processes) with and
without A respectively; kq is the rate constant for quenching
{approximately equal to the rate of diffusion); 1 is the )ifetime

of the state being quenched.

4 .
From this then it can be seen that s plot of TE 8]

A
shoald ghve a stralght line with an intercept of 1 an 2 equal
to kq T.

Whatever the nature of the energy transfer process, it appears

-generally to occur at a rate close to the rate of diffusion - and this

assumption is often made, There are a number of observations howe

which suggest that this assumption should be made with caution. For
example, Wagner has found tﬂat the rate of triplet quenching and the
rate of diffusion dre roughly the same in 2-methy?~Z-propanol and thas
they are both proportionai to the reciprocal of viscosity 35. However,
on using a hydrocarbon of the same viscosity the rate of quenching was

about half that found in 2-methyl-2-propanci.

# There are other quenching mechanisms (e.g. long range transfers)
but these are less common and are unllikely to be important In the

kinds of experiment reported here.




Again, In more recent work, Wagner has shown that if a solvent
has a viscosity less than about tﬁree centipoise, the rate of energy
transfer may be less than that of diffusion, T.e. the energy transfer
is then not totally diffusion-controlled 3. For solvents with
viscosity r;Igher than three ¢P, the rate of energy transfer
(quenching) approximately equals the rete of diffusion. However,
many authors still equate the rates of quenching and diffusjon for

all solvents. Thus any kinetlc work reported in the literature which i

fris been done using solvents of low viscosity d in which this assumption

has"been made, must be considered possibly unreliable.

Another point of caution has been raised by Turro and coworkers 36.
They have shown that 1,3-pentadiene quenches some of the singlet
as well as the triplet states of ketones. This pactial quenching
(of the fluorescence) of the’slnglet state is only important for
bigh concentrations of the diepne {> 1n).* ‘n these circumstances
a modified Stern-Volmer expression must be employed 38. ln view of
these findings it Is evident that the practice of attributing the
reduction in overall quantum yield at high guencher concentrations to
elimination of the triplet contribution to the reaction, is an
unwise one.

Additional Information about the characteristics of the different
excited stotes and thelr Tnvoivement in ketone photochemistry, has
also been gained by fess obvious methods. An example is the use of '
aryl aikyl ketones to demonstrate effects most probably present in

atkanones. This Is due mainly to the jarge proportion (sometlmes

* The mechanism of this quenching Ts almost certainly not a simple
energy transfer one. Yang and coworkers have suggested a mechanfsm

involving exciplex, charge transfer complex and oxetane formation 37.




i Again, In more recent w. <&, Wagner has shown that I1f a solvent
B 3 hes a viscosity less than about th‘ree centipoise, the rate of energy
. transfer may be less than that of diffusion, i.e. the energy transfer
is then not totally diffusion-controlled 3, For solvents with

viscosity higher than three cP,  the rate of emergy transfer

{quenching) approximately equals the rate of diffusion. However,
many authors still equate the vates of guenching and diffusion for
all solvents. Thus any kinetic work reported in the 1iteraturs which
ﬂ : has been done using soivents of Jow viscosity and in which this assumption
has been made, must be considered possibly unreijable. !
. Arother pa’nt of cautlon has been raised by Turro and coworkers 0.

They have shown that 1,3-pentadiene quenches  some of the singlet

as well as the triplet states of ketones. This pactial quenching
{of the fluorescence) of che.singlet state is only important for
high concentrations of the diene (> 1M).* In these circumstances
a modified Stern-Volmer expression must be employed 3%,  In view of

these findings it Is evident that the practice of attributing the

reduction in overall quantum yield at high gquencher concentrations to ‘
elimination of the tripiet contribution to .the reaction, is an

unwise one.

Additlonal information about the characteristics of the different
excited states and their involvement in ketone photochemistry, has
also been galned b\,{ less obvious methods. An example Is the use of '
aryl alky! ketones to demonstrate effects most probahly present in :

alkariones. This is due mainly to the large proportion {sometimes

* The mechanism of this quenching ls almost certalnly oot a simple
energy transfer one.  Yang and coworkers have suggested z mechanism

Involving exciplex, charge transfer complex and oxetane formation 37,




exclusive) of triplet state reaction in aryl alkyl ketones 1023940,

which permits a comparatively easy study of triplet state properties
and how they are influenced by structure, solvent, etc. The

applicabiltity of this approach depends on estabiishing that it is ‘
the ﬂﬂ* state which Is the reactive state of the aryl alkyl ketone
and not the 1e* state V10424344,

{b) Resuits and conclusions

Study of the participation of the singlet and Lriplet states of

ketones in ketone photoreactions has been extensive, and only the
maln results will be outlined in the following pages. Since the

Type |1 reactlon and cyclobutanol formation are the princlpal points

of Interest in this dissertation, most of the discussion centres around
these two reactions. it may simply be noted here chat it appears

that the Type | reactions In solution may take place from either state
exclusively 45,46 or partly from both 8’13.
The presently accepted position is that the cyclizatlion and the

elimlnation reactions occur from both the singlet and triplet state.

This was first shown by Wagner and Hammond who found that
1,3-pentadiene did not stop all the elimination and cyelobutanct
formation from Z-pentanone in the 1lquid phase 'O, At about the same
time Dougherty came to the same conclusion regarding the photelysis
of 1iquid 2-octanone 47 from the levelling off of a Stern-Volmer plot
for higher quencher concentrations.

A number of authors have 'nvestigated the cantribution of singlet
and triplet states to the total observed elimlnation and
cyelization 10.28,‘15,#9' it appears that most of the cyclization
comes from the triplet state, Eiimiration (Type |1 reaction) is the
major reaction of the singlet state but nevertheless alimination

products may be obtained from the triplet state in substantlal vields -

i,
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sometimes larger than the yields from the singlet state. The case
of 5-methyl-2~hexanone is probably typical.  Int hexane Yang and
Eljiott found that the total quantum yield {elimination and
cyclization) was 0,077 from the singlet and 0,076 from the triplet kB.
However, the partitioning between elimination and cyciization was

12:1 for the singlet state and 3:1 for the triplet state.

The possibility of a connectlon between the length of the
alkanone sidechain and changes in quantum yield of the el imination
and cycllization reactlions, or amounts of participation by either
excited state, has received some attention in the literature. Pitts
and coworkers studied pheny! sikyl ketones with alkyl sidechains varying
from three to ten carbon atoms 1n length 50, They found no change in
@ither the quantum ylelds of the elimlnation and cysiization reactions
or the lifetime of the triplet state. wagner and Kemppainen later

confirmed this 51,

Guillet and coworkers have studied this point using alkanenes .52
They found, in contrast to the above-mentioned results, that the
quantyn yield of the elimination reactlion dropped as the chain length
incressed 1‘. However, while tge elimination reaction yields from
both the singlet and triplet states decreased, the ratio of singlet to
triplet elimination yields rematned constant. The quantum yield of
cyclabutano! formation also appeared to diminlsh with Increasing chain
length 52, They reasoned that Increasing radlationless decay
oceurred with increasing chaln length (see Introduction, sestion
D2 (e}).

As noted carller there is conslderable evidence that both singlet
and triplet katone states undergo elimination and cyclization via the
1,4-biradical formed by intramolecular hydrogen abstraction. in

addltlon, radiationless decay of the states probably Involves the same

-,
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Intermediates (see fnt.-~ -akion, sectlon D2 {e)). It follows that
factors which Influence {: . s of y-hydrogen abstraction hy the

first-formed singlet should aifect the propartion of nett reaction
ocnurring via the singlet state. Atongst structural factors which
infi :snce the proportion of singlet and triplet reactlens in this
way are the nature and number of y-hydrogen atoms, the substitution
of deuterium for y-hydrogen and the length of the alkyl chaln.

These will be discussed in the following sections which aré concermed

with the properties of 1,k-biradicals.

L] 1.4-Biradical Intermediates In Photoreacticns of Ketones

As mentioned earller, Irradiation of ketenes having a y-hydrogen,
leads to Type 1i reaction and cyclobutanol formation. Initially
there was much debat; A5 to whether elther reaction (Type }} reaction
or cyclobutann] formation) was concerted or invoived a 1,4~biradical.
Bamford and Norrish first formulated the mechanism of their Type tt

1

reactfon without radicals and a concerted mechan!sm was postulated

by many suthors including Ausicos and Rebbert ”‘, However, these
authors founé that pressure and temperature affected only the cyclize-
tlon and nat the eliminetion reactlon "',  This wauld perhaps
suggest that only the litter may be concerted. Another interpretation
of this result is that the difference may be no mare than a difference
in the vibrational {or other) emergy content of the lntermediate
species.

The balance of opinlon at the present time s probably that both
nett reactions proceed through a common Intermediate, which is proposed
t be a 1,k-biradical, formed by the intramolecular abstraction of

the y-hydrogen by the excited carbonyl. The evidence concerning this

will be referred to [n the sections below, but for convenience of

wellbh




discussion of mar, aspects of ketone photochemistry relevant to the
present studies it will be accepted as a working hypothesls.

in the sections that follow, therefore, factors relating to
formation of these biradicals and to thelr properties will be

reviewad,

1. Formation of 1,4-Biradicals

{a) Radical nature of the excited carbony! group

The excitad carbonyl may be compared ta an alkexy radical:
3
R ol N
S \ . N
JL—0 (¥} R
7 s -
Rl . R/

i

—0 {Alkoxy}

In terms of a simple velence bond picture they are similar 53 and
indeed they show similar selectivity towards hydrogen abstraction
from carbon-hydrogen bonds n ‘5h’55. For example, triplet
benzophenone In intermolecular hydrogen abstraction reactions,
displays a selectlvity towards C-H bonds of different strenyths,
sinilar to thet shown by 2-methyl-2-proppwy radicals 4. A
similar correlation is found for the intramolecular hydrogen

abstraction rate constants of the triplet benzoyl group ‘”’55‘

Whatever the best representation of the excited carbony) actually is,

‘the fact that the radical-tike oxygen abstracts hydrogen atams, s
firmly established,
(b) Naiure of the abstracted hydrogen atom
Srintvasan flrst showed that the y-hydrogen was abstéacted 5'5_
He studied the gas phase phatochemistry of 5,5-dideutero-2-hexanote

and obtained deuterated acetone. He also obtained some ordinary

acetone and proposed elther B-hydrogen abstras {on or hydrogen exchange




on the walls of the reaction vessel to account for this, Using DZO

and 2-hexancne, he then proved exchange can take place and decided

that it must be tha y-hydrogen that is abstracted*. This was further
supported by Coulson and Yang whe ared the photochemistry of !
deutera-2-h ané ;5 5edi v,

They found deuterated propene and cyclobutanal in addition to
deuterated acetone from the deuterohexanonss. They also found that
the quantum yield of the reactions was dependent on tie y-;ubscltution,
decreasing from 5,5-dideutero-2-hexanone to 2-hexanone.  They
suggested that the deutsration increases the amount of triplet state
formation, thus Incrzasing the quantum yleid of reaction as the

triplet gives a greater proportion of products relative to decay,

than the singlet. Borkowsk] and Ausloos also fourd this kind of
difference resulting from the presence of either hydragen or

deuterium in the y~position 58. in addition they found that the

ratio of the yields of products formed by hydrogen and deuterium
abstraction, decreased with Increasing temperature. Sipce the
strength of the C-H bond s less than that of the C-D bond, this
suggests that as temperature increases so the C=X bond strength

becomes a less Important factor. However, since temperature aff:cts
so many other factors (e.g. singlet and triplet state reaction rates .
or quantum ylelds, etc.}, this Interpretation may not be rellable.

The y~deuterlum isotope effect mentloned by many authors 17,59,60,61,62

must certainly indlcate the tnvolvement of y-hydrogens however.

% A simliar procedure {deuteration of the y-position) also showed
that Tt is from this posltion that intramoiscular abstractlon
occurs, in the Mclafferty mass spectroscoplc breakdown of ketones

with y-hydrogens 57.

o, i&: .
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Many studies have been made of the relation between C-H
bond strength, the rate of intramclecular hydrogen abstraction and
the quantum ylelds of reaction from singlet and triplet states.
The C-H bond dissoclation ¢nergies decrease as the nature of the
y-hydrogen varies from primary to secondary fc tertiary, {Benson
quotas dissociation energles (D) for the different principal types
of G-H honds as follows: primary b = 410ki mol”!, secondary D = 395k)

'1, tertiary D = 381kJ w1t 53‘) Many groups, e.g. Barltrop 6“,

4 10 65 8,65

mol

Hamton: » Busloos and Yang 2 and their coworkers have shown
that there is an increase In the rate of abstraction as the type of
v-hydrogen is varied by Increasing the y-substitution with alky
groups.  The same selectivity towards y-hydrogens has been found In

40,50 67 and also In

studies using aryl alkyl ketones and diketonss
the mass spectroscopy of ketones 57 (MclLafferty breakdown).

Internal competition using a ketone with different types of
y¥-hydrogens on the two sides of the carbonyl has been studied. In
a liquid phase study Wagner used h-octanone which has a primary
y-hydrogen (Type |t reaction leads to 2-hexanone and ethene} and a
secondary y-hydrogen 49 (Type It reaction feads to 2-pentamone and
propene) . On isclating the ketonic products from the photolysis,
with and without guencher, he found the secondary to primary abstraction
ratio was 12:1 for the singlet and 17:1 for the triplet state.
(This lower seluctlvity of the singlet state has also been shown in a
similar way by Padwa and Bergmark in regard to sulectivity for
y-hydrogen versus y-deuteriym 59.) ‘

Ausloos used h-methyl-2-hexanone in ethanol in a study of
temperature effscts on selectivity 68. He compared the olefinic

products {from Type || reaction) and Fou;ld that the ratio of 2-butene

-{secondary y~hydrogen abstraction) to 1-butene {primsry y-hydrogen




s

abstraction) was 16,2 at 28°C and that this value decressed as the
temperature increased”. As with the deuterium studies, the observed
effect suggests that the strength of the yC-H bond becomes of less
importance as the temperature increases. As was mentioned before,
with temperature.affecting so many other varfables, this interpreta-
tion Is not pecessarily correct.

One of the most comprehensive quantitative studies showing the
consequences of variation In the degree of substitution of the y-carbon,
15 that of Yang and coworkers ZB. They studied 2-pentanone, 2-hexanone
and 5-methyl-2-hexanone in hexane. They found that as the yC-H bond
gets weaker, the quantum yleld of singlet reaction (and singlet
radiationless decay) Increases. At the same time the quantum yields
of intersystem crossing and triplet reaction decreaz= - although the
rate of intersystem crossing does sot vary much. However, the relative
decrease in quantum yield for intersystem crossing {reflecting the
amount of triplet state formed) Is greater than the corresponding
relative decrease in quantum yield for triplet reaction - suggesting
that the re;ctivlty of the triplet also Increases as the yC-H bond
strength decreases.  (Such an effect on triplet state resctivity has
2ls0 been demonstrated for aryl alkyl ketane %),

As the type of y-hydrogen influences the quantum yield of reaction,
s0 does the rumber of y-hydrogens. Pitts showed this by comparing the
results of irradiation of (i} 4-methyl-2~pentanone and

(i1} 4, 4-dimethyl-2-pentanone 63, e found that {ii) had a greater

* Below ~100°C the trend was ceversed. in the gas phase both the
temperature and the wavalength affected the ratio, but in solution
while the tempersture effect remained, the wavelongth used had no

stgnificant effect. In solution, the solvent had no effect oither.

. .- — — _._u__\jﬁ_‘.___,t‘_.
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quantum yield of reaction than {I) and that the ratio of the quantum
yield of the Type ! reaction (determined by thé amount of carbon
monoxide) to the qiantum yield of Type il reaction products was larger
for {i) than (ii). Both results were sttributed to the number of
y-hydrogens being greater In (i) than (i). This effect of number
of y-hydrogens was further shown by Nicol ;:nd Calvert who studied the
gas phase photochemistry of 1-propyl alkyl' ketones, 1-PrCOR, having
y-hydrogens on either side of the carbonyl 7.  Within one ketone

. there is a good correlation between the number of y-hydrogens and

the quantum yield of Type || reaction for each sidechaln. in the
case of 2-buty] 1-propyl ketone (CHBCHZCHZCOCH(CHZ)CHZCHS - one set

{of three} primary y~hydrogen on R), the quantum ylelds of Type 1l

re&ct!on for each sidechaln are approximately equal, while for the 2-methyl-

1-propy] 1-propyl ketono (GHyCH,CH,COCH,CH(CH;)CHy = two sets (of three)
primary y-hydrogens on R} the ratlo is 2,7:1. However, when comparing
the toral Type It quantum yields there is no sfmple correlation between
them and the total number of y-hydrogens present in the compound. For
example nithough di{1-propyl} ketone and 2-methyl-1-propyl 1-propyl
ketone contaln two and three sets (of three) y-hydrogens respectively
and methyl and ethyl 1-propyl ketones each contain one sct (of three),
the Type 11 quantum ylelds are about the same for all four ketones 7.

It seems therefore that where Internal comparisons can be made the
effegt of number and type of y~hydrogen has been demonstrated. However,
comp;r!sons of quantum ylelds from different ketones are complicated
by the effects of structure on other excited state processes, €.g.
radlationless and radiative {in the gas phase} decay, and it Is not
possible to use such comparisons for the same purpose.

it has been found that the presence of an oxygen atom in the side-

chain {as In a-alkoxyketones} results in an Increase in the quantum

. e,
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yleld of Type {I reactlon ‘6’70.

This may be due either to a
reduced bond dissociation energy of the yC-H bond (the y-hydroqen

abstraction rate constant for methoxyacetophenone is 230 times that

for butyrophenone *0) or to easier formation of the six-membered
transition state or both. A corresponding increase in the guantum
¢ . yield of oxetanol formation has been observed in the case of aryl
alkyl ketones *2 (dialkyl ketones with a=alkoxy groups do not form
oxetanois ‘5’71)‘

An inerease in the rate of y~hydrogen abstraction can also be saen
for y-methoxy ketones '40‘ Other substituents of. similar character
{e.g. OH, NHZ) on the y-carbon increase the reactivity towards

{~hydrogan abstraction while groups of opposite character (e.g. €I,
43,51

COO0Me, CN) have the inverse effect Wagner and Kemppalinen have

3 shown that the inductive effects on y-H reactivity notliced for
| N substituents at the y-position, also appear waaker with substituents

in the §, & (smaller effect) and w (smaller yet) positions 51,

With straight chain alkyl groups larger than Sy the y~hydragen
atoms are formally all the same and one would not expect any
differences in the quantum yield for their abstraction. As mentioned

50

earlier {see Introduction, section C 3{b}) both Pitts and

Wagner he,51 have found this to be sa in a serfes of aryl alkyl

ketones,  But Guillet and coworkers do find a regular decrease in
the Type Il quantum yield as the alkyl group slze Increases ina i
series of dialkyl ketones 2211

I b 2ie), (o). : |

{see also Introduction, sections

in some cases @ hydrogen other than a y-hydrogen can be abstracted.
i 1t usually seems to occur elther when there Is no y-hydrogen available
(e.5. unbranched g-atkoxy ketones : Ph COCH,CH,0CH,) or another

N hydrogen 1s better positioned or more lablle to attack due to some . h




structural pecullarity of the molecule. Tujrro has shown by
deuterium tabelling that an o-hydrogen is abstracted to form an
enal 2 In the case of diketones 12073, A
number of authors have used g~alkoxy ketones and found that some .
tetrahydrofurans {(5-hydrogen abstraction) are formed 7".
é-Hydrogen abstraction in §-methoxyvalerophenane has recentiy been
. shown by wagner and coworkers 75, There seems to be some dispute

as to the general importance of §~hydrogen sbstraction but the

possibllity of its occurrence may be taken as proven. Abstractlon

3 at even more remote sites has been observed In the crmpounds shown
4 7%, . .

below <
/ b
R>9

cHy (cnz),,-clgz

A1} the foregoing results emphasize the significance of steric

accessibility of the hydrogen for irtramolecular abstraction. .1t is

conststent with this that when a y~hydrogen Is held ia position to B

factlitste abstraction, photoreactivity may be increased. Padwa and
e coworkers have dome much work Tn this field 77,18 and demonstrated the }
possibility of promoting cyc)izatlion or eliminarion In this way (see
introduction, section D 2{c)). 1t appears, for example, that
significant amounts of cycllization may occur from the singlet state

when the sterecchemical situation {s particularly favourable 79,
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2. Properties of 1,h~Biradicals

The postulate of the intermedlacy of 1,4~biradicais depends for
its success on its ability to account in a unified way for a number
of ketone photoreaction phenomena. Some of these phenomena are
discussed below in a manner which emphasises the relaticnsh‘(p of
these phenomena to thc_e presumed properties of the 1,4-biradical. in
the historical development of the biradical poséul ate, these phenomena
have been regarded as evidence for the valldity of the postulate’.

(a) 1.,h-Biradicals and double bond migrations

Yang and coworkers observed that 1~hepten--one on irradlatlon
yielded hoth a cyclobutano! and a cyclohexenol 1n a el ratio 20
{3cheme 111; R = CHS)' Padwa obtalned analogous results with the
related ary ketone {R = Ph) 77.

Scheme 111

* The use of 1,h-biradicals In chemical explanations is fairly
common.  For example, a 1,4-biradical Is the generally accepted

Intermediate In the photocycloaddition of ketones to olefins 22.
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The simplest explanation of these observations is that a 1,h~biradical
is formed by y-hydrogen abstraction 'and that the radical centre at the
y-csrbon is canjugated with the adjacent double bond.  The resulting
allyllc radical can participate In cyclizatlon at elther terminus,

the one mode corresponding to nett migration of the original double

bond.

This reaction was sub fally q by 1.3 y. adiene but not
entirely 28, and Yang and coworkers therefore conctuded that both
singlet~ and triplet-derived 1,4~biradicals participated.

Allylic delocalisation may of course occur in concert with the .
y~hydrogen abstraction {i.e. accur "Instantaneously") provided the
conformation of the alkenyl chaln is at least approximately correct.

In such circumstances y~hydrogen abstraction shouid be facilitated.
Indeed this may be the reason for the high quantum yield of cyclo-

butanol found in the photoreactions of o-diketones 8o &

and ap-~
82
and By- unsaturated ketones.

{b} 1,k~Biradicals and racemization at the y=-carbon and

related phenomena

if a 1,4~biradical is formed from a ketone wlth an asymvetric
carbon y to the carbonyl group, a configurational change may occur
at the y site before reaction or radiationiess decay‘ (through back
donatlon of the y~hydrogen (see Introduction, section D 2(e}))s Thus
products or reeovered ketone may be found which shaw configurational
change at the y site. The configurational change requires (nternal
rotation about the g-y bond, so whether or not conflgurational change
1s observed depends upon the rate of this rotatlon relative to
reactlon and radiationless decay. There has been considerable
experimental and theoretical Interest in these phenomena and the

interpretations are as yet incomplate.

e

ERR Y




; -5 -

Yang has shown that in the photolysis of S-(+)-S-methyl-2-

; heptanone, the R-lsomer of the starting ketone forms ',  Quenching
studies showed, however, that the R-isomer formed only from the
triplet state. Consistent with this observation s the f.ndlné that
5= {+}~4~methyl-1-phenyl -i~hexanone, a ketone which reacts
predominantly from the triplet state, undergoes extensive photo-
racemizat ion é0 ¥

Stephenson obtalned siightly diffarent findings from S study of
the Type 11 olefinlc products of photolysis of erythro- and ‘hreo- !

3,k-dinethyi-6-ketoheptanoate {Scheme 1V} 53,

Scheme IV .
E 9”3 !
H H_ | 4CHoR oH CHy  CHaR
| = L
1 | YCHy [CHa) H CHg (HY
! ’l* oo
{ R= C0pCHy !

¢ The erythro ester gave a cis:trans ratfo of 90:1 for the singlet-
derived products (30% of reaction) and 1:1 for the triplet-derived
products. le;wlse the threo ester gave a gis:trans ratio of 1:90
for the singlet-derived products (153 of reaction) and 1:1,5 for the
tripiet~derived products. Gano made a more limited study of the
photolysis of erythro- and threo-1,2-dimethyibutyl acetate and noted

that no racemization of the recovered ester could be detected 8". :

% 1t s Interesting to note that this ketone has quantum ylelds of
0,26 for products and 0,78 for photoracemization in benzene while
Tn a polar salvent {2-methyl-2-propancl) they are 1,00 and 0,00

41,60

respectively This suggests that reaction and racemization

come from a common 1,4-biradicat.
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Very recently, lasey and Boggs have reported studies of the stereo-
chemistry of the Type Il olefinic products from a simple ketone 62.
Using grythro- and threo-5-deutero-h-methyi-2-hexanone, they found
90 to 95% sterecseleativity of olefin formation from the singlet
state and a much }esser stereoselectivity from the triplet state.
The high stereoselectivity of singfet reactions Is further
evident when the photolysis of a cyclobutanane s considered. In

contrast to other cycloalkanones, Turro found that photolysis of cis-

and trans-2-ethyl~3 hoxyeyel was “hed by 1,3~dienes '
and was not accompanied by photoeph;lerizatlon 85‘ The implication is
thet stercaspecific reactlon from a singlet strte occurs, although the ;
possibility of an unusually reactive triplet state which evades
quenching cannat e dlscounted.

Stephenson has discussed the possible origin of the different
behaviour of the singlet- and triplet~derived biradicals in a number
of published works 2386, [nitially, to explain the high stereo ‘
selectivity associated with the singlet state, he considered the - I
possibility that reaction might occur via a reversal of the “ene’
reaction 83 {which is completely stereospecific 87). Howaver, on
the basis of an argument Involving steric effects, this possibility
was discounted In favour of a ;inglec biradical intermediate.
Stephenson alsc drew attentlon to the Interesting comparisoms that may
be made with the results of the pyroiysis of cyclobutane derivatlves.
Pyrolysis takes place only from the singlet state of course, and
1,4-biradicals have frequently been postulated as lIntermediates. For
exam’ple, Feit has described the pyrolysts of gis-1,2-dimethyjcyclo-
buteno] (Scheme V) at 381°C in which he found that the thermal decomposi=
tion gave products similar to those from the photochemical reaction

of 2-hexanone 88. .

A, A
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Scheme V
Fission and )
reforming of HO, {12%)
bond a) or
HO b bond b}
w
sis ‘
CHy=CH, 'CH,CH=CH, H
2 2 3 2 1
. 17%) + (74%) :
CH,CO CHCH, i, COCH, ;

CHscO CHZCHZCH2CH3 6%}

The ¢is-trans isomerization strongly suggests a biradical intermediate.

CHSGO CH(C H.3 JCH.C H3 {1%}

This is supported by the results of Bartlett and Porter's study of the
azo compound shown in Scheme VI 99, Tharmai and direct photolyiic
decomposition (via singlet state) of one stereolsomer (di or meso} of
this az0 compound gave products showing a few percent loss of con
flguration, but loss of configuration was more extensive (35-40%) in

the photosensitised decomposition (via the triplet state).

Scheme Vi

YY—-quH)

meso
ord, | . i

Pyic'vess of cyelybutanes on the other hand generally show a low

stereoselectlvity 20,91, !
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The general conclusion from atl the studies described above s
obviously ;hat bond rotation (s probably always competitive with
reaction in triplet 1,k~biradicals and may alsc be in the case of
singiat 1,h-biradicals. More detalled conclusions are arrived at
with difficulty as Stephenson and his coworkers have clearly shown 86.
The bastc difficulty perceived by Stephenson and Brauman was that a
thermochemical analysis of the cyclobutane pyrelysis data implies
that there appears to be an energy barrier of some %5 to 35kJ mol-‘

for closure or cleavage of singlet 1,k~biradicais 863.

fn turn this
Implies a rotational barvier in such biradiczls of 42kl mol", at

least in tertfary biradical systems. However, application of such a
rotatlonal barrier to the triplet biradical glves rise to the deductlion
of an unreasonably Jong triplet lifetime. Their initial response to

this ditemma involved consideration of the PE diagram shown 1n

Figure 1.

N
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R
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Figure ¥ ¢ Potentlal energy diagram for 1,4-biradicals
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The solld curve 1s a resztion coordinate dlagram appropriate to the
thermally equijibrated singlet 1,h~biradical transforming either into
cyclobutane or olefines. An energy barrier exists for efther of these
processes, rendering them slow retative ta bond rotatjon.  If
vibrationally "hot" 1,k~biradicals are generated, however {as in

83

Bartlett's 89, Stephenson's ~~ and Yang's work “8) they may have

energles such that regloms of energy space corresponding to energised

products are readily accessible. Thermally equilibrated products may
thus be formed'stgre?éelectlvely if vibrational deactivation competes
effectively with ba‘nd rotation, which was considered 1ikely.

The dotted curve represents the corresponding triplet 1,4-biradical
situation. It §s strongly repulsive in both directions and, provided
vibrational deactivation Is fast relative to spin Inversion, the triplet
biradfcal witl Invariably relax into the eneréy minfmum. A lack of
steredselectivity simiiar to that of vibrationally equilibrated
singlet 1,4-biradicals is thus expected.

An alternative resolution of the dilemma Is offered by Stephenson
and Gibson fn a later paper 86b_ In the previous argument, there is
an impllcit assumption that the bond rotation barriers of the singlet
and triplet biradicals are equal or similar, However, from molecular
orbital calculations they determine that the singlet biradical most
11kely has a greatar barrier to bond rotation than the triplet biradical.
The problem thus sppears to be rasolved since the initial assumption of
Stephenson and Brauman (which Jed to this problem) may be fatse.

Casey and Boggs In a recent contributfon on the same problem 62
tend to favour the eartier views of Bartlett and Porter, advanced
in connection with thelr azo compound studies 59. Bartlett and

Porter proposed that the triplet biradical has a longer Vifetime than

the singlet biradical since it must undergo spin fnversion back to

R, .



the singfet stata, prior to formation of ground state products. Loss
of stereochemistry Is due to the greater chances of rotation in the
longer 1ived triplet biradical.

This was discounted by Stephenson partly because he could not
reconclle the notably differing stereosetectivities of the singlet

86a

1,h-biradical, derived from different types of reactions Casey

and Boggs claim that this reconciliatlon Is no problem because the

rates of rotatfon of singlet 1,4-biradlcals vary with thelr structure 62.
They quote an estimate of Bergman and Carter that the rate of rotation
about a secondary radical centre Is an order of magnitude greater than
the rotation about a tertiary {more ponderou‘s) I“adlczﬂ centre 92,
Valld comparisons of singlet 1,4~blradicals can only be made therefare,
when they have similar structures. A considerable body of information
is chen succes\sfu!ly correlated by recogni_sing this.

The concluslon as regards singlet },b-biradical behaviour would
appear to be uncertain at this stage though the simplicity of Casey and
Boggs* explanation is appealing, Further critical experimental data
will be needed to clarify the situation. However, 7t does appear
generally valid to clalm that greater stercoselectlivity is exhibited
In singiet 1,h-biradical reactions than In triplet 1,h-biradical
reactfons. This does not necessarily lmply however, : t high
stereoselestivity Implicates a singlet 1,4~biradical. Turro, foi
example, has teported that [rradiation of the cptically active diketone
8~ (+)-k=methy]~1-phenyl-1,2-heptandione resuited i{n no photoracemization

®
in the recovered ketone” despite reactlon oscurring largety from the

* The amount of retention of optical activity in the recsvered cyclo~
butancne was not known 72. However, in a later review, Wagner
reported that this diketohe produces a cyclobutanone mixture with

'
a smeil optical rotation “1A
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2
triplet state 7 . Posslbly the additional hetero atom present in this
system exerts a special effect, e.g. stereochemical contro! through
bridging 93.

{c} Steric effects on reactions of 1,4=biradicais

1,4-Biradicals are embodied in an explanation of the effects of
a~methyl substituents on alkanone phote pemistry, observed by Nicol
and Calvert 7. The explanation, due to Lewis, followed his own work
on aryl alkyl ketones 9“. Be used PhCOR where R contained varjous
numbers of «, B or y methyl substituents. intramoiecul ar hydrogen
abstraction leads to a 1,4-biradical which adopts different conforma=
tions for cyclization and for elimination. The transition state for
ayclization requires the overlap of the radical centre orbitzls
{Scheme Y11}, and a-substituents cause this state to be more favourable
since 1,2~eclipsing interactions are avoided in this mode of reaction.
Tuis explains the increase in the quantun yield of cyclobutanol and

Scheme V1|

3
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decrease in the quantum yield for Type |l eliminatlon caused by
increasing the number of a-methyl groups from none to two (increase
tn the relative amounts of cyclobutanocl formation from 10% to 29%
to 89% respectively for a series of butyrophenones), Lewis has
also argued that the most favaured transition state for elimination

' vequires maximum overlap of both singly occupied zrbitals with those
of tae bond undergaing cleavage.  S-Methyl substi;uents, by avoiding

t,3-eclipsing interactions, should favour this, as Indeed was found to

be the case, although the effect was smaller than that caused by
a-methyl substituents. There was a corresponding decrease (smaller
effect than for the a~methyl substituents) in :hé quantum yield of
cyclobutangl, Lewis also found the effect of y-methyl substituents
was negligible apart from the effect on the y-hydregens already
discussed. |f geometrically Tsomeric cyclobutancls could be formed,

a marked preference for formation of the trans {somer was seen o4

Wagner and coworkers have recently reported similar results from

an extensive study of a number of phenyl ketones 95,96 {which are :
belleved to react exclusively from the triplet state), They also note i
the preference for formation of trans-cyclobutanols and suggest that

the comparative magnitude of developing non-bonding interactions in

the transition state for cyclization may explaln this.  Somewhat i
unexpeviedly they find that increasing y-alkyl group size, increases
the relative amount of glg-cyclobutanol so that the gis/trans ratio
approaches unity, The authors think the only possikle interpretation
Is that the rate of CB-C'V bond rotation in the biradical is comparable
to the rates of chemical reaction of the biradical. A similar Inter-
pretation Ts given to the observation that the £ls/trans ratio ?
ine - Tn going from benzene to 2-methyl-2-propanol to wet

acetonltrile as solvent, solvation of the hydroxyl group of the biradical




causing fncreased bulk of the latter (see Introduction, section £2).

OH ?H
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These findings are compstibie with Bergman’s views about the :

relative rates of rotation In radicals of different structure which

were mentioned In the Introduction, section D2{b} 92, (¢ is suggested

that the 1,b=blradicals are formed Initially (by y-hydrogen

abstraction), with equal probability in conformations appropriate to

formation of cis~ and trans-cyclobutanol. Then the ivver rate of

rotation of the more bulkily substituted {or solvatec) »i-adical
would indeed glve rise to a lesser preponderance of trans- over cis-
cyclobutanol product. :

The difference between the preferred biradical conformations for

AL interpre=-

elimination and cyclization also features in Wagner's
tation of some results of Padwa 97. Padwa found that phenyl cyclobutyl
ketone gave a lower quantum yleld of phutop‘roducts than valerophenone !
but that there was 60% cyclization to a highly strained bicyciopentane
system and only 40% elimination to the strain free acyclic system
{Scheme VIE1). Thus product stabilitles doc not govern the preferred : j
Schene Vill
¢ . : H ' ‘ ' i
0“ OH P

4 i
Ph hr %A‘_. * |:nh/\)=“k
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reaction but the relative energles required to reach the necessary
transition state conformations may M. The predominant formation of
a cyclobutanol from 1-adamanty) acetone was explained by Turro in an
analogous fashlon B8 *,

There are two other resuits that deserve mention since the
explanation of them may wall reside in a steric effect ir the blradicai.
One Is that irradiation of _:_I_§—2<-(1-propyl)-h-(zl;nethy!—%propyl)-cyclo-
hexanone leads to Type |l reaction whereas the trans isomer only forms
the ¢is isomer 100 (presumably in a short-term {rradiation!). A
stereo~electronic effect appears to be operative as In .he cls isomer
it is easier to abtain a six-membered ring transition state since the
y-hydrogen may be held in the plane of the carbonyl group, and/or the
g-bond {s positioned for elimination. Others, using the same '
cyclohexanone, have shown this effect to be manifested by both singfet

and criplet states w, The second result relates to the photochemistry

of a~cycloalkoxyacetophenanes {Scheme 1X) ‘02. The quantum yield of

Scheme |X
-0
9 icH) 0 Ho
i 2o N
3 e * + Phy {Choly
Fh/ o0 (CH2)n Ph /

n=2t7

* However, Sauers and coworkers have suggested that i{n bicycllic
ketones, the difficulty of Introducing a double bond Tn a‘
strained bridge head position may account for predominant cyclo=

99,

butanol formation
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acetophenone (from Type || reactlon) remains about constant as n Increuses
from 3 to 7 despite the increasing stahility of the cycloalkanone
(the other Type 11 reaction product) in this series. Howvrc, the
quantun yield of cyclization {to oxaspirane) decreases ar n gets .
greater even though the reverse might be expected in . lew of the
large amount of ring strain present in the oxaspirane when n is smali.
Again a steric effect explanation may be (nvoked : increasing the
cycloalkyl ring size may increase its steric interactlons with the
phenyl and hydroxy! groups In the 1,h-biradical.

{d) 1,h~Biradigals and spin multipllcity effects on product

formation
Two groups of investigators have tried to identify the initial
state In which photoproducts form and hence make deductions about

the existence and nature of the 1,4-biradical intermediate 103.

in,
both investigations 3,4-diphenylbutyrophenone (PhCQCHzCH(Ph)CHzPh) which
should produce ¢ls~ and trans-stilbene from the Type {1 reactian, was
used.  Both Investigators showed by means of quenching studies that
only.the triplet was fnvolved. In principle, there are thrze possible
routes from the triplet resctant \or assumed triplet~derived
14-biradical) te form products !n the ground state:
(I} via the excited singlet products to the ground state
of the products
(1) via the triplet excited products tz the ground state
products
(111} straight to the ground state of the products .
it was considered on thermochemical grounds that the flrst alternative
was unlikely but that the stilbene might be formed in the triplet state
as the tripler excitatlon energy of the stilbene Is less than that of

both the enol of acetophenone (the other elimlnation product) and the




#
starting ketone . In triptet stilbene, rotation zbout the L~C

bond can occur and the trans:cls ratio should be 41:59 (from Hammond's

work on the proportion of trans- and cis-stilbene from decay of

106)_

triplet stilbene Caldwell and Fink who found the ratfo to be

4031, decided that most probably there s no Intervention of stilbene
triplets !03a_ Wagner and Kelso found that the ratio was 65:1 1036
(subsequently Wagner and coworkers reported the {nitlal ratio to be
70:1 ) and showed that the ratio dropped at highef conversivns of

the 3,4-diphenylbutyrophenone due to the sensitized isomerization of

the Initially formed trans-stilbene. (In Caldwell and Fink's
N

experiment higher conversions were Indeed obtained.) Now the Type 11
elimination of 3,4-diphenylbutyrophencne is estimoted to be just

exothermic enough to sroduce trans- and especially twisted-triplet

stitbena 19 ™ herefore, these resuits 3'11%% shoved that 1ittle

or no coticertad reaction of the tripfet ketone occurs and presumably

#  Both authors comment on the low quantum yield and short 11fetime
of the triplet of this ketone (quantum yield: 0,11 (benzene),
0,19 (2-methyl-2-propanol}, reciprocal of lifetime: 2,1 nsec’)),

compared to butyrophenone (0,36, 0,85, 0,008 nsesc“1

respectively,
B-Phenylbutyrophenone showed similar effects and a number of
other authors have shown the low photochemical reactivity of com-

105

pounds with B-phenyl groups Such peculiarities must be

borne in mind in Interpreting studles of these compounds.

%% The calculations of Hoffman and coworkers showed no activation
energy barrler to Type 1} cleavage of 1,4-biradicals 31a while
the thermochemical analysis of Benson and C'Neal glves an

activation energy barrier of about 28kJ ol ™1 915,

)IUA
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the intermediacy of the 1,A~biradical is thereby implicated. It

would then be reasonable to propose, in addition, that spin
correlation in the 1,h-biradical Is.so weak (at least in these particular
circumstances) that singlet-triplet distinctions are practically non-
existent. Therefore, 1t appears that the 1,i-biradical then generstes
its products in their electronic ground states on fragmentation, the
exothermicity of going to the ground state molecules possil?\y providing
the driving force for fragmentation.

{e} 1,h-Biradicals and radiationless decay

On the basis of a variety of evidence, radiationless decay from
both the singlst and triplet state is thought to cccur by back-
donation of the y-hydrogen from the hydrosy group of the biradical to
the y-carbon radical zite 28'68’107. For example, in experiments
using deuterated alcoliols as solvents, small amounts of ketone were
recovered with a deuterium atom at the y-carbon site - presumahly oceurring
through hydrogen-deuterium exchange between the solvent and the
hydroxyi group of the 1,4-biradical, followed by back donation 99’108.
Another line of evidence is provided by Felt's report that therma
decompos{tion of 1,2-dimethyleyclobutano} gives some 2-hexanone and
J-methy]~2-pantancne 18 {see Introduction, section DZ(b)).

Yang has shown from measurements of Intersystem crossing ylelds
that, contrary to some earlier views 35‘53’109, the sirglet state in
some cases may be rasponsible for far more radiationless decay than
the triplet.  in fact various authord results with 2-pentanone show
the ratio of radiationless decay:reaction is 11 to 14:1 for the

ZB’BX’A‘. However, it

singlet and about 1:71 for the triplet state
must be pojnted out that the above calculation is based on the |
assumptlon that product formation and radiatlonless decay are the
only two significant fates of these exclted states.




i
i
i
i

The reason ¥or this difference In behaviour of the singlet-derived

and triplet~derived 1,A4-biradical presumably lies with at least some
of the same factors that affect the 'comuarative ttereoselectivity of
thelr reactlons (see Introduction, section D2(b)). For example, if
Stephenson's calculations are correct and 2 lower rate of internal

rotation Is characteristic of the singlet-derived biradical 86b

» then
tr wil) remaln for a longer period on average, in the confc;rmatlon in
which Tx was Tnitlally generated, That conformation is presumably
tdeat for the back-donation of the y-hydrogen and therefore radlation-
less decay s facilltated in the singlet biradical.

it is apparent that the nature of the y-hydrogen affects the
ease of intramolecular abstraction and therefore the proportion of
singlet state molecules which undergo this abstractinn fn competition
with intersystem crossing. Hence the total quantum yield of reaction
will vary with the nature of the y~hydrogen to a large e;tent because
of the differing efficiencies of radiatlonless decay in the two
states.

Steric hindrance to rotation in a 1,4-biradical as 2 cause of
increased efficiency uf radiationless decay, has been agivocated by
Golenba and Guiltet ! (see Introduction, section C3(b)}, to explain
the decreasing quantum yleld of photoreaction with increased alkyt
chatn Tength In alkanones. They theorise that rotation away from
the conformation in which the biradical is initially formed, Is

tncreasingly hindered by incressing the alkyl chain length.

€ The Role of the Solvent 1n Some Ketonie Photoreactions

1. Hydrogen Transfer from Solvent and Other Molccules

Hydrogen transfer from solvent s an important reactfon in regard

to the fate of the radicals from Type | photodissociation and the-

vom TETRTERS
1



excited state of the ketope itself. In this section both these
processes will be briefly reviewed.

It has been known for a long time (Bamford and Norrish 2) that
the radicals from Type | flssfon abstract hydrogen from the solvent.
These authors showed this by identifying the products from solvent
radical disproportionation. Hartley and Guillet subsequently have
proposed that the solvent radical combines with a second Type
radical or another solvent radical 9 {Scheme X}. Ina iacer paper
Golemba and Guillet confirmed the tatter but surprisingly d|=p\;opor-

tionation was not considered ”.

Scheme X

chol‘f_. 2R + O

2R+ 2§-H —+ 2R-H+ 28' —— S-§

\n both of Guillet's papers, he reports finding no Rk 2*11,
However, many authors repart finding products of Type I radlcal
combination.  Presumably the relative stability of R« and $+ influence
the outcome. This point was examined briefly in the present work.

it has al50 been shown that the radicals from Type | fission
may abstract hydrogen Ffrom the parent ketone. For example, Ausloes
and Paulson used a gasecus 1:1 mixture of acetons and deuterated
acetone (CDSCGCQ.?) and produced among other compounds some CD3H and
CHED 65, l.e, suggesting that hydrogen was abstracted from the ketone
itself. More recently, in a study of the gas phase photolysis of
2,Z,A,#,-te;radeu:ero-3~pentanonq Barto and Gordon showed that
hydrogen (or deuterium) was abstracted from both the o or g

positions of the ketone 110.
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The significance of cage effects in regard to hydrogen abstraction
by radicals from Type | fisslon in the liquid phase, has been shown
by Cocivera and coworkers. These authors have nade a CIDNP study of
the hydrogen abstraction by 2-methyl-2-propyi radicals produced from
di{2~methyt=2~propyl) ketone in perfluorocyclohexane solution m,
They proposed the detailed scheme shown in Scheme XI.

Scheme X!

R - |
hyv oy - |
(c%)SC?OC(CHs)S EALEA [(CHa)ai Cco C(CHa )gc““’ f(cr ialscmcrg CK:H3)2] .

S i 1GH},C O "CloH,),—> (CH,),CH + CHz ClGHy),

Numerous studies of hydrogen atom abstraction from solvents {HX)
by the excited states oa carbonyl compounds have been made (e.é. :
Valling and Gibian Sh)- Such studies have Jed to the conclusfon that ‘)
this reactlion is facilitated by: 2

1. High electron density at the hydrogen atom abstiactes

2, Low H~X bond strength

3, High stabillty of X
Thus alcohols have the hydrogen from the alcoholic carbon abstracted

by the oxygen atom of the exclted carbony! as in Scheme Xfl.

Ry00 +/RyCHOH ~1¥ue R, EOH +RpE0H —— ete.
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Wagner has studied the reduction of scetone by hexane M2 4

of acetone 2* and 2-hexanone 43 by tributy:etapnane ((1-Bu)3SnH).

He showed that in a1l these experlments only reduction of the triplet
state occurred.  Simllar conclusions have been resched with regard
to the photoreduction of many other ketones Including 2-pentanone by
hexane 28. Thus the triplet state of alkan’ones s sufficiently
reactlve towards In'termolecular hydrogen abstractlon for this reactton
to be competitive with radiatlonless decay. ’ ’

E.s.r. spectioscopy has heen used to establish the nature of the
intermadiate radical which results when the excited carbonyl compound
abstracts a hydrogen atom from the solvent. )i this way, for example,
Yashida has ldentified the formation of théoH in the photoreduction
of benzophenone by ethanol ”3. fn another experiment using e.s.r.,
the reduction of 2,3-butandione (giving a CH3I29ﬁ(OH)cH3 radleal) was
foilowed, and it was shown that reduction ecnuij result in efficient
triplet quenching ”“.

A number of workers have sought to determine the Fate of the
solvent radical derived from hydrogen abstraction by the excited
carbony] compound.  In one of the eariler Investigations of this
type, Yang Irradiated acetone and cyclohexane and found the result
shown In Scheme X111 3,

Scheme %111

on - o OH OH
v
°”3C°°Ha£36g CH,TH CHy+ c~CyHyrC-OH + (CHs)zL& icH, ,
2 H :

5% 2% 5%
+ CHacQZCHZCHch)CHs )
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One of the most extensive product studles,. §s that of Lewls,
He has observed the photoreduction of & number of s~substituted aryl
alky! ketones in 2H-2-prapanoi/benzene solvent |15 (Schene XIV)
and his findings are summarised below.

PhCOR m PRCIOHIR '+ (CHSIZCOH
2 el
{a) PhEHR (b)(Pth-)z (e {eHy, c=0

R= CH, CHZCHB’ CH(CHa). C(CH3)3

3
(The plnacol (b) was obtained as a mixture of d, | and d1 forus.)
) $o=4, + ¢, (¢ =quan"m yleld)
(10 b0 8y, b o toitial 28] (2P = 2-propanot)
(111} the rate constant for hydrogen abstraction by the tripiet
. excited ketone decreases as R Increases In size
v 49 by . decrense as R increases In size
(v} @a: “\b is constant over a range of values for [ZP]
From (111} and (1v) he concludes that there s a steric effest of
a-substitutents (as has been seen in ground state reactions ”6)
on hydrogen abstractlon from solvents by excited caibonyl compounds.
When R = C(CH3)3 only a~cleavage occurs atthough all four ketones
studled exhlbit essentially {dentical characteristic nvr* enission
spectra. Alsa there Is no corresponding Increase in the rate
constant for triplet decay (from Stern~Volmer plots), {.e. the

decrease in reactivity does net reault from a shortened triplet 1ife~




between tl;e polar solvents and the GH group of the biradical retarded

the teturn of the y-hydrogen to the € atom from which it was

abstracted 35,53 {1.e. the radiationiess decay mechanlsm previously

discussed).

Using solutions of a number of aryl alky) ketones in benzene (or
alkanes) to which increasing proportions of a polar solvent (2-methyl=
2-propanol) were added, Wagner showed that in some ceses the total
quantum yield of reaction could be Increased to near unity, For
others, however, It levelled off at a maximun value somewhat less than
tuis M3 % The effectiveness of the different solvents used
{pyridine, 2-methy)-2-propanol, tetrahydrafuran, ethyl acetate, dibutyl
ether, butyranitrlle, f-chlorabutane 35117} paralleled their
basicity rather‘ than their dielectric constant or dipole woment,

Polar effects on quantum ylelds, though less dramatic, have aise
heen observed for alkanones. For example, a two-fold Incr‘ease of the

tatal reaction quantun yield {based on ketone disappearance} for

% In the case of p-methoxyva)erophenone, Inereasing the proportion
of polar solvent mixed with the benzene caused first an increase
and then a decrease in guantum ylelds ‘{3. This was attributed
to a change in character of "the Jowest excited state from
predominantly mr* to predominantly nn*.
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2-pentancne has been recorded in going from benzene to 2-methyl-2-
propano} 514' A similar increase was observed by Magner for
107

h-octanone and 2-hexanone 49 in going from hexane to 2-methyl~2~

propanol, |t has also been shown that the selectivity 49 and
quantun yield A9, 64,107 of the tripiet state of ketones both
increase with increasing polarity,
As the ketone itself is a polar moleculs, any increase in the
ketone concentration should afrect the polarity of the medium and
hence have some effect on the quantum yleld of reaction. Eiliott
found that an increase In 2-pentanone concentration actually decreased
the quantum yield of resction, there being a corresponding increase In
the amount of radiationjess decay 118. Yang and coworkers observed
a similar effect with acetone and showed that an excited and an

unexcited ketone molecule may form an exciplex In this case, and

that this provides an additional path of radiationless decay ' 2

However, Wagner found that increasing the concentratjon of most aryl
alkyl ketones, frereased the quantum yield of reaction |'1.  This is

presumably due to the keton: acting as a Lewis base {hindering the

y-hydrogen return - as do polar salvents). Due tu tiis effect any

quantun yleld determinations shouid be extrapoloted to zero ketone |

concentration for purposes of comparison. S
Baritrop and Coyle have found that polarity does not affect the

eliminatlon/cyclization ratio much in a series of aryl alkyl ketones 120
{actual figures are quoted only for dry CHSCN and benzene, however).
With simitar ketones, Wagner however, has roted in many cases that
the proportion of cy¢lization drops when solvent polarity is Increased
(due to a decrease fn cyclization rate) by changing

from banzene to 2-methyl-2-propano! or wet CHBCN 35’75’96. I't would




appear as if the effect is smai) in aryl alkyl ketones and that it

is detectzble only by comparing the most polar with the least polar
solvents. More pronounced effects have been reported with simple

. alkanones 64 (z‘penc‘ancne, 2-octanone and 5-methyl-2-hexanone}. The
singlet quantum yields of both cyclization and elimination were )
unaffected by solvent polarity changes but the triplet quantum

yields were, The quantum yialds of both reactlons increased with i

increasing polarity, that of eiimination increasing relatively more.

Wagner and coworkers have found furthermore that with the aryl

alkyl ketanes they used (above), the trans/cis ratio of the cyclo-

butanols formed decreased (towards unity)} with Increased soivent
polarity 96. They explain all these phenomena by suggesting that
solvation: :
(i) prevents the y-hydrogen return in the triplet~derived
biradical, thus increasing the total quantum ;leld of

triplet reaction

(11) " increases the bulk of the hydroxyl group so that cyclization
is hindered and the steric differonce between the cis- and

trans-cyclization trapsition states s diminished.

The hehaviour of y= and 8~alkoxyvalerophenone in different solvents 9% i

provides supportive evidence for the Feaslbillty of such an
explanation.

Finally attentlion must be drawn to & remarkable solvent polarity
effect on the competing pathways of photoreaction of tetramethyl- :

121

oxetanone (Scheme XV over).
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The two reactlons both occur  from the excited singlet state but
i . veactlon A Is enhanced at the expense of the reaction B in the more
|

, polar solvents (alcohols versus hydrocarbons).  Wagner and coworkers
: suspect this observation may be related to the sclvent effects on

’5 . competing alkoxy radical reactions noted earlier by Walling and

i Wagner. These aurhors consider thst polar solvents preferentlally
lower the energy of the transition state for alkoxy radical fragmenta-
tlon as opposed to that for hydrogen atom abstraction from substrate

mlecules 122,

A similar effect might be erpected upon the
competition between elimination and cyclization of 1,b-biradlcals in
ketone photochemistry and Indeed the increase in the proportion of
elimination with respect to the cyclization with ln:reaslng‘ polarity,
which was noted above 35’6'*'75’96, may be a related phenomencn.
3. Solvent Vlscosity Effects
Effc 1= of medium viscosity on photochemical events of interest
to the present work have only been sporadically reperted 123'12“’125’126.
. There are well-documented examples relating to bimolecular reactions
‘(Tncluding energy transfer) of ecited states where viscosity effects

on the diffusion of the molecules occurs.  However, the only

bimolecular reaction in the present work s photoreductlon by hydrogen




abstraction from solvent which of course does not involve diffusion
by efther species.

Reports of viscosity effects on unimolecular events fnvolving
ketones relate primarily to the Type | reactlon. The effects are
expected to be comparable to those abserved In other homolytic
dissociations. Other effents have been studied so 1ittle that it
is necessary to consider the photochemistry of compounds other than
ketones to galn an iwmpression of their possible significance.

{a) |Influance of the solvent on diffusionisolvent cage

ffect .

As mentioned above this primarily concerns Type ! reactions.
Salvent cage effects were first noticed in 1934 127. It Is currently
belleved that they can be estimated by sultable interpretation of
results from experiments with scavengers and that thelr magnitude is
related to swl;/ent viscosity, Much work has been done on cage
effects with compounds that easily produce radicals, thermally or

photochemically, e.q. azo compounds and peresters ‘28.

However, com-
paratively little work has been done on the cage effect with respect
to the photolysis of ketones. The quantum ylelds of Type | reaction
products, and in a more indirect way Type |l and ryctization products
may well be affected by the magnicude of the cage sFfece and hence be
viscosity dependent, . ’
As radlecal=radica] reccebinations are fast enough to compete with
diffuslon, but the diffusion rate depends on viscosity, a lower rate
of product formation from homoiysis of =a Initiator might be expected
for high viscosities of the medium. Pryor and Smith have argued,
however, that there need not always be an interrelationship between the
128

rate of product formation and medlum viscoslty When a radlcal

pair s formed by fisslon of a single bond in the initiator, the cage




effect causes regeneration of the starting materjal. In such cases,

* therefore, solvents which increase the cage effect, reduce the

overal}l rate of product formation. However, Initlators undergoing

cancerted fision of two bonds {or a stepwise fission in which the

second bond breaks very rapidly) forming a radlcal palr and a stable
(intervening) mole~:le, are not regenerated by the cage effect and

solvents will heve no effect on the rate of product formatlon, A few

studies of the relation between Type | reaction quantum yjelds and B
solvent viscosity have heen reported, In whlch d1ff -Ing hydrocarbon
solvents were used, Ir these Hartley and Guilllet showed that

there is llttle effect y on Type | quantum yields for

hydrocarbon sotutions of 1% o lene-carbon monoxlde copolymer 130

and linear symmetrical alkanones 9, Subsequently, however, Goiemba

and Guillet have shown 2 significant reduction of Type | quantum

yields with lacreasing viscosity in the case u‘f tong chain 2~alkanones

at temperatures below 120°C 'V, Above 1207 no viscostty effect was

observed. In all these studies, Guillet and coworkers found that

the Typ: | quantum yleld was marked]y increased by Increasing t

temperature. g
Guillet and cowerkers, In another paper, have invoked the cage

effect to expiain their observation that the smaller sidechaln of a

ketone may be cleaved off in a Type ! (radical} reaction In solutien, H

in preference to a large sldechain 16. They suggest that the

surrounding cage may allow the smalier radical to escape more easily

*
after dissoclation .  There may be a connection here with the

# They also suggest that the cage recombination of Type | fragments
may provide a mechanism for radiationiess decay of ketones in

solutlon, H
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. different vidcosity dependences of Type | quantum yields observed in
| thelr work using different types of ketones.

The totality of these results seems to be most economically
accommodated by regarding the Type | reaction as a two step one
wherein the second step occurs at a rate that depends on the nature

; of the acyl radical {and the alkyl radical formed by decarbonylation -
; Scheme XVi), and the temperature.

Scheme XV'1, . .
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There may also be a spin muitiplicity effect. Thus, in a two step

decompos [tion mechanlsm, {f the recombination of the first pair of

redizals s retarded because thay have the same spins, then their

r pair V{fetimes may be such that either they will always be able to
diffuse part (whatever the solvent viscosity} or the second bond wili
always break before recombinatien of the first palr can occur.  This
may be a factor operative In the triplet photodecarbonylatlon of
dibenzyl ketone h5.

(b} dnflusnce of the golvent on internal motlons

A number of scattered raports of viscosity effects on photo-
chemical events have recently heen corrulated and reviewed by
Saitiel and D'Agostino 123‘ Thelr own work concerned viscosity
effects on the fluorescence and photofsomerizatio™ of stiibenes - a
phenomenon aiso extensivaly studied by Fischer, Muszkat and

coworkers 72".




At low solvent viscosities no effect is observed but as the
viscosity Is p}ogressivel{ increased, an effect develops: the
i quantum yield of fluorescence increases and that of Isomerization
{by Internal rotatfon) decreases. Saltiel and D'Agostino suggest
that (f solvent mobility Is fast {low-viscosity) relative to the rate i
H of rhe internal rotation then no "[nterference' by the solvent is ;
123

detactable 1f, however, the rate of solvent relaxation is com:

parable to or less than that of the internal rotatfon, then the

H rotation becomes a cooperative event and an actlvation energy greater
¥

? than the {ntrinsic value fs observed, In these circumstances &

% viscosity dependence arises.

; Other reports of viscosity effects on fluorescence quantum

ylelds have also appeared 125. With one exception the effects could
be attributed to the viscosity Influence on the rate of a competitive
radiationless decay process which involved some change of molecular

5 geometry by bond rotation, etc.*.

The situation with regard to triplet state phenomena Is less
clear. The greater |ifetime of this state has led Saltiel and
D'Agostine to suggest that the few viscosity effects reported may not
123

be kinetic phenomena but equilibrium ones They suggest that

in viscous media there may be a preference for conformations of
minimur volume and that this may be the underiyling explanation of
thase phenomera.

An alternative analysis of the effect of viscosity on the

competition between fluorescence and photolsomerizatlon of stllbenes

* The one exception invelved competition with Intersystem

crossing to an excltwd triplet (Tz) state.




itniies U i S 4 < o

to Increased probability of that y-hydrogen abstraction which leads
ultimetely to formation of the higher energy alkene. . In less viscous
medla, conformational equilibration is comparatively apid and so

the lower energy alkene is preferentially formed via the transition
state of lowest energy, Similar effects had been reported by
Borkowsk! and Ausloos much earlier in their study of the photolysis of
2-buty] acetate 131. However, the effects attributed to viscosity
variance were induced by temperature variance of the react%un system
{down to ~195°) and thelr Interpretazion at the time was thereby
rendered rather less certain.

No work on the relation between the efficiency of cyclobutano}
format!on‘ and medium viscosity seems to have been reported.  How-
ever, Guillet and coworkers reported a brlef study of the relatlon
of the quantum efficiency of the Type 1) reaction of a variety of

911,

ketones to viscosity of the solvent They found no viscosity

effect and very 1ittle temperature effect.

F  Aims of the Present Experimental Work

The principal alm of the present work was to study effects of
solvens variation on the relative proportion of Type |i photoelimina~
tion and cyclization. As already shown, there is a certain amount
known about the comparaiive effects of hydrocarbon and aleohol solvents
{see Introduction, section E2), and the object of this work was to
try and expand understanding of these effects by studylng a wider
range of thase solvents. In addition, solvent viscosity effacts had
been tittle Investigated and seemed to be of potential Interest,

1t was difficult to predict the nett effects on the elimination
and cyclization reactlons, In view of the many rate processes which

influence the quantum yleld of these reactlons {e.g. nature of exclted
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to Increased probability of that y-hydrogen abstraction which leads
ultimately to formation of the higher energy al kene. In less viscous
medla, conformational equilibration s comparativels apid and so

the lower energy alkene Is preferentlally formed vla the transition
state of lowest energy. Similar effects had been reported by
Borkowsk! and Auslcos much eartier In their study of the photolysis of

2-butyl acetate 131 .

However, the effects attributed to viscosity
varfance wore induced by temperature variance of the react}cn system
{down to -195°) and their Interpretation at the time was thereby
rendered rather less certain,

No work on the relation between the efficiency of cyclobutanal

formation and medium viscosity seems to have been reported,  How-

ever, Gulllet and coworkers reported a brief study of the relation
of the quantum efficlency of the Type t} reactfon of a variety of

9,11

ketones to viscosity of the solvent They found ne viscosity

effect and very littie temperature effect.

F  Alms of the Present Experimental Work

Tha principat afm of the present work was to study effects of
solvent variation on the ‘relat(ve proportion of Type || photoel Imina-
tion and cyclization. As already shown, there is a certain amount
known about the comparaiive effects of hydrocarben and a]ce}\ol solvents
{ses Introduction, section E2), and the object of this work was to
try and expand understanding of these effects by studying a wider
range of thase solvents. In addition, solvent viscosity effects had
been iittle Investigated and seemed to be of potential interest.

1t was diffleult to predict the nett effects on the elimination

and cyclization reactions, In view of the many rate processes which

influence the quantum yleld of these reactions {e.g. mature of excited
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states particlpating {introducticn, section C3(b)}, rate of Internal
rotatfon in the t,4-biradical {Introduction, sections D2{c) and
E3(b)} and solvation of the 1,4-biradical {Introduction, section E2}).
Ho‘wever, taking the simple view of possible viscosity effects, it
seemed possible that the cyclization might be increasingly favoured
over elimination with Increasing solvent viscosity. The rationaie
wag that the greater the viscaslty of the solvent, the more ravourable
should be the transition state of lower volume, t.e. the transition
for cyelization which jeads to one molecule.

in any event, the results seemed likely to be not only of
fundamental photochemical interest, but al;o possibly of practical

syathetic value.




has bexa presented by Fischer and coworkers 12“°.

Some of the baslc
features of their analysis are simitar to those of Saltiel and
DAgostine, but according to the latter authars, it has a number of
shortcomings '23.

Brown has also reported effects of solvent viscosity on the
photochemistry of 2-~pentylpheny} acetate and 2-pentyl benzoate 126.
Esters undergo a Type 1| cleavage reaction as do ketones, though a
shorter wavelength of radiation Ic required, Two pr‘nclp;l effects
of [nterest were observed,  Firstly, the Type || reaction quantum
yield decreased with Increasing viscosity, an effect attributed :o»the
increasing efficiency of y-hydrogeh back-donation in the 1.h~biradjcat.
Brown suggests that Increasing solvent viscosity * retards internal
rotation in the T,4-tiradical so that the conformation in which the

1,4-biradical is formed {and which Is ideai for return) is msin-

tained on average for longer. Secondly, the proportions in which

the aiternative Type || elimination p (1-p: ve and 2-pentens)
were formed showed vartance with solvent viscosity at high viscosities.
Interpreting this, Brown noted that the lowest energy ground state
conformation led {by y-hydrogen abstraction) to the higher energy
alkene.  Since the proportion of the higher energy alkene Increased
at high viscosities, Brown postulated that the lowest enefgy ground

state conformation was maintained for longer on excitation and so led

* The effect was studied principally using a series of alcohels.
Comparison of quantum ylelds In 2-methyl-2=propano! and hexalecane
whirh bave similar viscosliies, Indicated no solvent polarity
effect. This Is consistent with the fact that photolysis of

these esters occurs predominantly from the singlet state,




\ ‘: - 55 -

i

1 .

{ i

v

i :

1

1, .

: EXPERIMENTAL

A

' A, Ihe Origin, Preparation and Purification .of Starting

5 Mazerials and Products

7 ; 1. Starting Matesrials

é {a) Ketooes .

§ ‘ Sampies of the three ketones studied were al} of ana!‘/tica! grade
quatity and were used without further purification. Thair origin

was as follows: :

i ﬁ‘{:antan-')e (88%) . ~ Hopking & Willisms
i ' 2-hexanone (> 59%) - Fluka ’
] hemethyl~2-pentancne (98%) = BOH
{ The 2-pentanone was at least 99% pure as shown by gas chromato-
! graphy. This was In accord with the supplier's claim,  Howaver,

Calvert and Pitts have reported 2 that there may be substantial

amounts of 3-pentanone present In 2-pentanone. As a misture of

these two is very difflcult to resolve by gas chromatography, @n

Infrared spectrum of the 2-pentanone was compares with literature

N spectra of 3-pentanone 13‘2- The conclusion reached was that if any
3-pentanone was present, it was only in trace amounts. This was
confirmed In a letter from Hopkins & Williams,

{6} solvents

‘A 115t of the soivents used and their origin 1s given helow, No
further purification of the purchased materials was carried out except

that the decancl and 1,2-propandio) were redistilled:




e ey
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"Nujol® ©. = Rexall (medicinal paraffin}

1-Decanot = L. Light {unspecifiad quality)

Methancl, Ethanol : - E., Merck (anaiytical reagent)

Z;Methy1—2~propsncl

E. Werck {commercial purity)

1-0ctanol, 1,2-Ethandlal, Cyclohexanol = E. Merck {unspecified quality)
Hexane . ~ 8D {for chromatography)
Podecane, Hexadecane, ~ BOK (unspecifled quallity

2-Propanc! , 1-Heptanol, 2-Octanol,

1,2-Propancios}, Dodecanol

2-Heptanol, 2,6-Dimethyl-h=heptanal ~ FPrepared by reduction of the
corresponding ketone using a
large scale version of the
method described In the next
section (Experimental, sectlon
A2(a}) with 65% and 50% yields
respectively.

Other solvents were tried but discarded for one or more of the
following three reasons:
{1} The solvent peak obscured the acetone or cyclobutanol peaks

on the gas chromatogram under all convenlent operating conditions

(t-propar. ", "=butanol, 2-butancl, 2-p 1, 2-hexanoi, decane}.
(n) Impurities which could not be removed by repeated distillations
ohscured certaln products {i-pentanol).

{iit) The generatlon of a yellow colour on exposure to radiation
which apparently impeded any further photochemical change of the
ketone.  The colour could be removed by distiliation but was
regenerated on further irradiatjon (1-hexanol, 1,3-pro,..ndiol, benzyl

alcohol).

R AN




2.  Photoproducts
{a} Alcotols

On the basis of gas chromatographic experiments and iiterature
re.ports one of the photoproducts was expected to be the reduced
ketone.  Thus samples were needed to test this suggestion. - The
aleohols. 2-pentano! and Z-hexano! were both commercially avallable,
but h-methyl-2-pentanc! was not and was prepared as follows: ’

Sed{um borohydride {2g) was slowly added to h-methyl-2-pentanone
{7,5g) In methanol (10 mi), adding more methano) when necessary (the
reaction was exothermic and effervescent}. When addition was com~
plete, the mixture was refluxed for 10 minutes, and then water {8 mi)
and 24 fhydrochloric acld {10 m}) was added, 1t was then refluxed for
a further 10 minutes. Sodium chlioride was added to saturate the
aqueous ltayer which was then extracted with ether (3 x 30 ml). The
ether solution was dried and the solvent removed. As the sample was
required for qualitative compsrisons only, no further purification was
attempted.

{b) Cyciobutanols

A sample of cls-1,2~dimethyleyclobutanol was kindly supplied by
br £.D, Felt of Bell Laboratories, U.s.A. %5,

Two methods of preparation of 1-methylcyclobutanc) were attempted.

Procedurg A : The method that was adopted is outllned below:

N

GHOH  CHyOH .CHzBf HaBr Hy
YO Clst=
VANEYAN

CHpOH CHDH  Cgr  CHyBr




Step 1

; : The method: reported In Organic Syntheses 133

was used to prepare the
pentaery hritol tetrabromide. The crude product {73%) was used

without further puriflication,

Step 2
The procedure followed was a combination of two previously reported
methods 1342135, The crude tetrabromide (250g), powdered zinc (250g),

ethanol {20 ) and zinc bromide (7g) were placed in a three-necked

5 ¢ flask fitted with a dropping funpel, a mercury-sealed stirrer and
a collecting unit. This unit consisted of two water-cocled condensers
Teading to a receiver cooled in dry ice and fitted with a CaC!z tube,
At a temperature of 85°C, water (500g) was slowly added via the
dropplng funnel anrd the vigorous reactlon regulated by means of ‘the
rate of stirring. When the addition was complete, the temperature was
: ralsed to 90°C for half an hour to drive over any rems ning methylene-
cy:lobutane.  Further purification was not attempted and the yleld of
crude material was estimated at 60%.

Step 3

Twer reports ment:oned the addition of 66% sulphuric acid to methylene~
cyclobutane for the hydration step but no experimental details were

135,136

R given The following procedure was found to be sarisfactory.

The acld (80 wl) was added to the crude methylenecyclabutane

(40 ml) and the mixture was held at 5-10°C In a refrigerator overnight,
It was extracted with ether (3 x 50 mi) taking care to maintain the
temperature below 20°C.  (If the temperature rose above thls vaiue,
a black tar resulted,) The mixture was returned to the refrigerator
and a further extractior (2 x 50 ml) was donz on each of the two

X following days. The combined ether extracts were dried and most of

the solvent removed. The yellow Impurity was removed by column




chromatography with pentane/ether followed by microdistiliation.

The T.r. spectrum of this material was indistinguistable from that

of 1-methylcyelobutanol obtalned from procedure B, but the mass

spectrum of the compound showed that a significant amount of a bromine-
contalning impurity was present. Daspitre extens.ve efforts this

impurity could not be removed. The impure 1-methyleyclobutancl

prepared n this way was used for qualitative work only.

Procedure B : A methad which was found to be more satisfactory Is ;

outlined below:

OH

MeMgBr
HZO

Methyl bromlde (20g, 0,2t mal) was dissolved in dry ether {100 mi}
at 0%C.  The solution was slowly added via a dropping fuinel to i
magnesium ribbon (4,8g, 0,20 mol) in dry ether (50 ml}. A crystal

of lodine was added to initiate the reaction. The rate of addition

of the methyl bromide solution was adjusted so as to keep the reaction
mixture Just refluxing, When the addition was complete it was allowed
to stand for 30 minutes. To the flask with the Grignard reagent,

was added a solution of cyclobutanone (Fiuka) (5g, 5,5 mi, 0,07 mol)
in dry ether (10 ml) at a rate sufflcient to maintain the mixture
refluxing. (+ was allowed to stand for 15 minutes and then poursd
onto fee {700g), To this was added 10% sulphuric acid (10¢ ml)

The two layers were seprrated and the agueous acld layer further
extracted with ether {2 x 100 mi}.  The organic layers were then com~

Lined and driad over anhydrous potassium carbonate. After removal

e, N



of the solvent, the 1-methylayclobutanol was distilled under reduced
pressure to yield a colourless liquid (hg, 65%) which gave a single
peak on the gas chromatograph (FFAP column) and showed the following
spectrn] characteristics:
Tor. (iquid fiim; w3330 (s,0H), 2950, 2800, 1h5o, 1365, 1250,
1176, 1150 (m,00). 950 cn™'};  mom.r. (TMS, cely, 81,33 (s, 3H, CHy),
1,91 {m, 6%), 4,33 {s, 1H, exchange with D,0, oH)}.
The mass spectrum showed the molecular lon at m/e 86 uad was In accord
with that quoted in the |lterature 1“.
(e) ketals

Sawples of the twa dioxolanes derived from reaction of 1,2-ethandiol
wlith acetone (Z,2~dimethyi~1,3-dlokolane) and with 2-pentanone. {2-methyi~2-
prapyl~1,3-dioxolane; wers kindly supplled by Mr J.F. Michael of these
laboratories.

2,2-Dimethoxypropane was purchased from £. Merck & Co., while a

sampie of 2,2-dimethoxypentane was kindly suppiled by Mr F. Knoth of

these laboratories.

B.  Method of irra on

0,234 Solutfons of the three ketones used were all irradiated in
10 ml pyrex voiumetric flasks. The solutions were prepared in the
flasks by adding the desired amount of ketone with a syringe and N
making up to 10 ml with the required selvent. The air volume remain=
ing above the graduation was protected with aluminium folil to aveid
compl fcations due to frradjation of the ketone vapour. The
Irradiations wers carried out for 20 /4 hours on an afr-cooled
roundabeut apparatus (Fig. 2). Samples were clamped at a fixed
distance from the medium~pressure mercury |ight source {(Hanau). The
temperature of the samples during i{rradiation depended on the surround-

ing temperature and ranged from 23° to 27°C
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GLASS TUBING
~ SAMPLE

r— LAMP
— ROTATING BASE

figure 2 : View fram abova of ircadiatiow spparatus
C.- Methad of Analysls
A Perkin-Elmer Mode! 880 gas chromatograph {g.c.) fitted with a

dual flame tonisption detector was used. Two columns were made

using 1/8 inch dfameter stainless steel tubing. One, a 6ft column,

was packed with FFAP, a packing of medium polarity of the Carbowax
type {103 on Ghromsorb ), while the other, a 12ft column, contained
Aplezon L (15% on Ceijte}. Reference sampies of the ketones and the
two main products of Interest (acetone and cyclobutanol) ware run to
establish the bast operating conditlons. The chosen conditions were
as follows: The helium pressure was 30 1b/|n2 glving a flow rate of
about 30 ml/min.  The FFAP column was programmed from 50 to 150°¢ at
six degrees/minute, the Aplezon L column from 60 to 160°C a¢ four
degrees/minute. The initlal Injector temperature was 70° in both
cases.

Most of the quantitative data were obtained with the FFAP column,

The Aplezon L column was used for quantitative analysis only for reaction

mixtures from photolyses of 2Z~pentanone in hydrocarhon selvents (due ta
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the ketor 1, cyclobutano) or reduced ketone peaks merging with each
other). However, It was also used in quaiitative investigations
into the nature of other products (see below und Experimental,
section F). Each Trradiation of a sample is described as 2
photolysis while tae description "chrometogram'' implies one Injection
(or anatysis) of the sampie. Each sample was run on the g.c.
within twelve liours after irradiation. This was due to the fact that
In 2-pentanone photolysates, the two pesks assigned to 2-propanol and
2~pentanol increased, while those sssigned to acetone and 2-pentanone
decreased w! h time in hydrocarbon solvents {evident after four days
storage in darkness). This did not appear to happen for alcohol
solvents - but nevertheless all photolyses were analysed within
twelve hours. No experiments were done to investigate the cause of .
this effect.

The assignments of the peaks on the g.c. traces of the three
irradiated ketones were done in most cases on the basis of comparisen

with authentic samples on both columns (acetone, 2~propanol,

P hi 4rmethyl-2 2-pentanol, H-methyl-2-
pentanal, 2 hexanol, 1-methylcyclobutanol, £ls~1,2-dlmethylcyclobutanol},
In the case of trans-1,2-dimethylcyclobutanol and cis and trans-1,3-
dimethylcyclobutanol, where authentlc samples were not available,
assignments were made by referring to the position of the gis~1,2-
dimethylcyclobutanal,  The gls and trans-1,3~dTmethyleycivhutancls

{from 4=methyl-2~pentanone) appeared to be unresolved in some

chromatograms and partially resol ers and, other than a pesk
corresponding to an impurlty . yl~2~pentanone, it was the :
only peak of retention time roughi, .he area expected for dimethyl-
eyclobutanols.  The trans-1,2-dimathylcyclobutanol, 1f resolved from i

the c¢ls Isomer, would be expected to have a shorter retention time i




than the ¢cis Isomer %, asman peak was observed in this reglon and

was assigned to the trens Isomer.

0. Results of Photolyses

Since the principal objective of this work was to determine
trends in the relatlve yields of acetone and cyclobutanol, it was fels
that measurement of & ratio of peak heights would be sufficlentiy
accurate.  All figures quoted are the average of the figures for ail
photolyses of that system {e.g. 2-pentanone in haxane) while the
figure for each photolysis is in turn the average of that obtained
from several (two to four} chromatograms. Bifferences in the peak
helghts of individual components in different chromatograms were
usually found to be smali. These differences are presumably due to
a failure to reproduce precisely the g.c. analysis conditions and/or v
the Injections. On the other hand comparisons of peak hel‘ghts for
individual components in different photolyses sometimes showed
differences as great as about 25% although they were usually much less
than this. In six solvents, two distinct sets of peak helght averages
from different photolyses were oi:zlned and these were both recorded.
These differences were presumably -u. to differences In photolytic con-
ditfons, e.g. lamp output, distance between lamp and sample.

The response of the g.c. detectc. to the three compounds of
interest, was chesked by means of a number of carefully prepared standard
solutions.  The ratio of the responses to aseiune : 2~pentanone ¢
1=methytcyclobutanol {determined with solutions of concentrations com-
parable to those obtained In the photolysis mixtures), was 1,3:1,2:1,0.
In view of the fact that the work was only intended to be semi-
quantitative in nature, it was felt that the error incurred by

neglecting these slight differences was too small to be Important and
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would be uniikely to obscure any trends. Thus the peak heights were
not corrected for detector response.

To glve an Impresslon of the appearance of gas chromatograms
obtained with the two different columss, two examples are Included in
Figure 3; Both are of the reaction mixture from the photolysis of
2-pentanane in hexadecane. Tables | to V (following) Yist the
results In terms of average peak heights on the chromatograms of
photareact ‘on mixtures of the three ketones used.  For all the tables,
the peak helghts carrespond to a g.c, attenuation of 200 {uniess
stated) with a Hitachl QPD53 recorder showlng a full scale deflection

at SmV  belng used,

. ... Y i " 3
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-~ 65 -
% Unknown 3
JL'-—«-~.@,, 1~ Methylcyclobutanol / 2 - Pentanol
2=Pentgnons,
% Unknown 2
Urknown 3
2-Propanol
Acetone Propane, Meth
By,
= CarbonMonoxide,
etc.
Apiezon L column
Unknown
1 - Methyicyclobutanol
2~ Pentunol >
}
2-7
Aget
(- cetone Propane, Methane,
Ethylene,
r' Carbon Monoxide, ete,

FFAP column

Figure. 3: Specimen chromatagrams of 2-pentancne
in hexadecane
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E.  Quenching Studies

Table Vi contains the results of photolyses In which the quencher
cis-1,3-pentadiene was present, Due to the low conversions in these
photolyses the peak heights in Table V! are less reliable than those
of previcus tables.

Jable VI Ketones frradiated with gis-1,3-pentadisne (13 PD) ¢
Heights of two main praduct peaks {em} ® ~ aversge from
chromatograms of on® long-term) photolysis

Solvent Ketone ® | 13 P0 | Acetone ivzfg;ﬂﬁ;ﬁg}

Uyjo Tt 2P - 33,4 32,4

2P 0, 15M R 0,8

Ah2p 0,154 10,1 G

20 0,154 21,6 9,6
1,2~Ethandiol 2P - 7.6 15,6

» 0,154 9,5 13

4yzp 0,154 11,6 e

2H 0,151 33,2 8,8
Methanot 2pr - 58,0 38,8

2P 0,15M 2,6 3.5

4M2P a,154 5,5 e

2 0,154 19,6 21,4
2-0ctanol 2p - 25,2 10,0

2 0,154 18,9 1,6

Lhzp D,15M 10,3 c

2H 0,154 32,8 7.6 ; |
Hexadecane 2 0,15M 12,8 1,9
Ethanoi 20" 0,154 12,2 4,1
Cyclohexanol 2P 8,150 7,8 69

a} g.c, attenuation at 50
b} 2P = 2-pentanone, 2H = 2-hexanone, L4M2P = 4-methy]-~2~pentanone

¢) smail




For purposes of comparison, a number of short-term frradiations
in the absence of quencher were performed. The period of photolysis
(about three hours) was chosen to produce approximately the same
amount of cyclobutanol as was formed In the experiments with gis-1,3-

pentadiene present. The results of such photolyses are recorded in

Table VI,

Table Vi1 2-Pentanone: 3 hour irradiations. Helghts of two main
product peaks {cm) @ = average from chromatograms of one
photolysis

Solvent Acetone 1-Methylcyclobutanol

Hexane 5,5 b ' 3,3 b

Hexadecane 10,9 8,6

Methano! 1A 6,5

Ethano! 10,3 5,4

1-Heptanol 8,8 752

2-Octanol 9,6 3.4

1-Decanol 19,7 6,0

Cyclohexanol b1 3,2

1,2-Prapandiol 6,5 3.5

a) g.c. attervatlon at 50

b) approximate measurement

F.  Additional Products

G.c. investigation of photoreaction mixtures showed that they all
contained a considerable number of other products additions) to acetone
and the cyclobutanol (see Flg. 3 and Tables [-V}. A number of these

products were common to many of the photoreaction mixtures.




- 73 -

2-Pentanone formed the greatest number of additional proddcts and so
its reaction mixtures were the most Ihtensively studied, This wes
done by comparing separate and mixed injections of the photoreaction
mixtures and authentic samples of suspected products, on both columns
used (FFAP and Apiezon L},

2-Propanol and the three reduced ketones (2-pentanol, 4-methyl-2-
pentanol and 2-hexanoi) were identified by this method. However, a
number of other compounds, even those with a remote possibility of
being products (methanol, ethanol, Y-propanol, 1-butanol, 2-butanot,
1-pentanol, propanal, butanal, methyl acetate, 2,3-butandione,
tetratydrofuran, cyclopentanone, cyclopentane, hexane, heptane), were
tested without success. Low boiling comporents of Type | {e.g. carbon
monoxide, methane, propane) and Type (| (ethene) reactions, which

732,199 yore ot Tdentified but

have been reported by many authors
were assigned to a large peak of very short retention time which
appeared on all chromatograms (see Fig. 3, page 65)

The only other product to be tentatively identifted was ethanal.
This was tentatively identified fn some reaction mixtures from all
three ketones. )t was, however, only formed In significant amounts
when ethano] (an amount equal to + 50% of the acetone formed) and
1,2-ethandiol (& 110% of the acetone} were the solvents. In
dodecane, i=heptanof, 1-cctanol, 1-decanol, I1-dodecanol and
1,2-propandiol, there are indications of traces of ethanal in al
ketones used. All secondary alcohol solvents falled to give any
indication of form tion of ethanal,

tater work has also shown the presence of ketals in the

photolysates fram some alcahol solvents (see Experimenta}, sectlon 62).

PO wERR
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€. Other Experiments
1. Comparison of Photolyses of Air~ and Nitrogen-saturated

Sclutions

Two experiments (using 2-pentanone in hexane and ethano)) were
performed to see If removal of the dissolved oxygen by displacement with
nitrogen produced a difference in the results, Nitrogen gas was passed
through 50 m] of the solvents for ten minutes, Solutions of 2-pentanone
in these solvents were then guickly made up as usval.  Control
solutions of 2-pentanone in hexane and ethanol which had not been
flushed with nitrogen were irradiated and analysed at the same time.
The resuits for all four photolyses are presented in Table VII} (page 75)
In hexane, the yield of a number of minor products appeared ta be
enhanced when nitrogen was present Instead of alr,

2. Experiments on Ketal Formation apd the Gas Chromatographic

(dentification of Ketals

9,23M Solutions of (i) acetone and (1i) 2-pentanone fn 1,2~
ethandiol were allowed to stand for a few days. No ketal formation
coutd be detected on the g.c. Two fresh 0,23M solutions were then
made~up and lrradlaced*. In the analysls of the products of these
jrradiations, four columns were used. The FFAP and Apiezon columns
previously described were used and, in addition, two further six foot

stalnless steel columns (cne 1/“ inch dlameter with Hyprose SP80

% This Investigation was undertaken after the original werk had been
completed and ihe photolytic eonditlons of the previnus work could
not be precisely reproduced since a differenc lamp had to be used,
However, since In all other ways the Irradliations were performed
in a manner identical to the sarlier ones, it [s unlikely that any

signiflcant differences resulted,



TR

e

3usA[os Aq peandsqo sem jesd Se ajgesnsecw Jou (O

yBnous dieys 3ou sem syead se poinsesu tou sem yybiey yesd (g

Juawe.unseow sjewjxosdde (2

4
3 : iz 8°s 79 86 2 q 6‘S | {peresn3es.usboiiu)
2 59z (31 &5 g'g B q 32 (poEsnies.ie) {oueyiz
. '3 <4 (383 0°s £z €L g‘0 o 'S | (pe3eamies-uaboi3iu)
s34 384 1y £C oot e 50 € (peIsanies_ije)  ouexsy
" s3ybiay | (ujug‘s sunz foueing
Aeac uoijusyaly ~0[040 | ouejusd-z | suouelusd-z | jouedosd-z | suojedy JuBA [0S
iRYg umowuf | ~1AuIaR-(

-w=nforiu pue

~d18) sudiInjos

UWnod dyd4 UO pauiEIeIap se (pIjeinies

paleipelt; jo siusucdwod jo (wd) s3ybiay ead abeisAy :ouUOURIUSI-Z  TIIA Z19E1

o ha




(11% on Supelcoport), the other '/8 diameter with GESE 52 {5% on
chromsorb W)}, were empioyed.

I the irradiated solution of acetone In },2~ethandiol, the
corresponding ketal was tentatively ldentifled by virtue of the
resolution obtained on the Apiezon L column. it was estimated to be
about 10% of the original acetone. On the other three columns it
could hot ke clearly resolved from a large unidentified product pesk.
in the rradlated 2~pentanone solutfon, the presence of the corres=-
ponding ketal (about 5~10% of the 2-pentanone) was tentatlvely
identified on the grounds of the separatior obtalned on the Hyprose
column.  No ¢lear Information was obtained using the other columns.
On the FFAP and GESE 52 columns the ketal pesk corresponded in
retention tlme to the peak ident!fied as 1-methylcyclobutanol, while
on the Apiezon L column 1t corresponded in retention time to the
solvent.  The presence of 2,2-dimethyl~t,3-dloxolane in the lrradiated
2-pentanone solution could not be clearly established since It was not

clearly resolved on any of the columns used. On the Apjezon L column

its retention time corr ded to that of 2-p

in a timited investigation of pessible ketal formation during
irradiation of ketones in monohydric aicohels, the solvent méthanol
was chosen for study. The ketal from acetone (2,2~dimethoxypropane)
had the same retention time as acetone on the FFAP column and as
methanal op the Apiezon L column, Hence Its presence {n the
Trradiated methanol solutions could not be established.  However, the
ketal from 2-pentanone (2,2-dimethoxypentans) was partly resolved from
2-pentanone on the FFAP column under the normal operating conditions
{see Experimenta}, section C, and a peak corresponding to this com~

pound was indeed observable on the side of the 2-pentanone peak in the

wE B OERR




gas chromatograms previously obtaided from Irradiated solurlons of
2-pentanone in methanol.

3. [rradiatfos Acetone in Various Soivents

As it seemed posi ¢ that the 2-propane] was derived from
photoreductlon of acetone, first formed by Type 11 elimination from
the original ketone, & tria) photolysis of acetone was performed.
Acetone (0,2M) was irradiated In hexane under the same conditions as
for the ketones stu‘uied, After the 20 hours irradiation more than
80% of the acetone had reacted and 2-propanoi (50-60%) and other
unidentified products were pruduceft Similar results were obtairad
on irradiation of solutions of acetone In 1,2-ethandio} and
1-decanal,  The amount of Z-propanel formed in J-decanol was

approximately 80% of the total observable phatoproducts,
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DISCUSSION

The principal aim of this discussion Is to Interpret the comparative
behaviour ot the three ketones in the range of solvents studied.
However, as a prelimipary it Is necesssry to discuss the photoketali~
zation reaction which has been found to occur in alcohol solvents.
The explanation of vhe chosen methéd of treatment and presentation of
results for discussion, will show the consequences for the interpreta-
tion of the results of this photoketalization and the need to discuss
this first, Thus this discussion ts divided into four main sections
as follows:

A The photoketalization reaction

B Method of troatment of results

c Comparisou of .he behaviour of the different ketones

D Comparison of the effects of the different solvents

A.  The Photoketalizatlon Reaction

during the analysis of the data reported In this work anomalouslty
low acetone ylelds were revealed in the case of the photolysis of all
three keiones In 1,2-ethandiol soiution. Ore possibie explanaticn of
thls, which subsequent expariments proved, was that a ketallzation
reaction occurred in this solvent.

Since no acid or base catalysis should be operative under the
photulysls conditions, a search of the 1lterature was made for reports
of uncatalysed ketal formation, Only two relevant reports were found.

inone i was suggrsted that reaction occurs between methanol and

Y R
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cyclohexanone to form the ketal in the absence of acid catalyst in
the course of a few hours at room temperature or a few minutes at
100° 137, i the other a transketalization between chloroacetal and
1,2,2~propantrio]l was reported to occur on heating them together at
115°¢ for a short periad 28, This 1iterature search also reveated
that u.v, light~catalysed ketal formation is not unknown ‘39. Never=
theless it does not appear to have been gonsidered by the vast majority
of workers in the field of ketone photochemistry, when analysing thelr
resuits. The most recent report is that of Dirania and Hill on the

3% These authors obtained

photoketalization of a-aryloryacetones
ketals from irradiations in methano, ethanol anc benzyl alcohol but
not ina 1,2-ethandiol/dloxan mixture or in secondary alcohols
(2-propanol and cyclohexanol). They also sugyest ihat the ether oxygen
present In these ketones plays an important role in this photoketal i
zation since they found that ketones which lack the ether function,
but are otherwise analogous, did not undergo the reaction.

In vlew of the paucity and somewhat confiicting nature of
literature reports, a direct test was made to sec if an uncatalysed
thermal ketalizatlon reastion eould occur between simple ketones and
1,2~ethandiol. it was found that solutions of 2-pentanone and acetone
in 1,2-ethandiol showed no ketal formetion after standing for several
days at room remperature. In order to test the photoketalizatlen
hypothesis, samples of the 1,2-ethandiol ketals of acetone (Z,2~dimethyli-~
1,3-dioxolane} and 2-pentanone (2-methyl-2-propyl=1,3-dioxolane) were

prepared *. By g.c. peak matching the former was ldentified as a pro-

duct from the Irradlation of tone, A-methyl- and 2

% These were kindly supplied by Mr J. Michael ~ see Experimental,

section A2{c).




in 1,2-ethandiol.  Furthermore, the 2-pentanone ketal was tentatively
identified in the jrradiated reaction mixtures of 2-pentanone in
1,2-ethandiol., Using the g.¢., conditions which were employed in the
analysis of earller photolysates, it is however not separated from
1-methyicyclobutanol .

Subsequent experiments In this laberatory have shown that irradia-~
tion of 2-pentancne in simple primary alcoho) solvents (methanol and

14!)'

i-octano]) also gives rise to varying amounts of ketals it

would thus appear that, contrary to the suggestion of Dirania and
Hitt P32, this is a photoreaction of some generality. Thus the gas
chromatograms cbtalned eariier in this work were inspected and found,

tn the case of several alcohol solvents, to exhibit peaks which couid

be reasonably assigned to the ketals of acetone and the relevant

ketane. It is not easy to estlmate a general figure for the extent

of ketal formation in the irradiatlons performed in this work, but it

certainly does not exceed 20% of the resction. Judging from subsequent

results obtained in these laboratories, It s probably significantly

Yess for irradiations done in lenger chain alcohols Nm.

Since the information on this reaction Is so limited It is not
possible to infer much about Tts mechanism. Photo-addition of alcohols
o C=C bonds 15 well documented "*! and both radical and polar paths
have been postulated for these, The former is postulated for addition

mode | and the Tatter for addition mode tl.
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1 Sc=c+ RCH,OH -

RCHOH
™, . Ne
. >cec +  ROH /Rg E‘\

The ketalization must be analogous to the potar addition mode |1 as it
is difflcult to see how a radical pathway could lead to ketal formaﬂon‘.
Although it seems attractive to invoke the radical-like properties of
ketone excited. states, such a possibility would appear reasonably,

only to lead to an addition of mode I-type. A polar addition te the
excited carbonyl group of the ketane obviousty accounts for the
ketalization in a general way, but the addition mode [! seems
inconsistent with the expected polarity of the ketone excited state

(see Introduction, section C1). Another possibility is that additlon
actually occurs to an enct tautomer {possibly a photoenol) as in

Scheme XVIt.

Scheme XV1|

OH o
- /é\ « ROH MW g — b0
Ry \CH2 T .
: CHy




The involvement of a photoenol is an appealing possibility for the
acetone ketalization, since the acetsne is initially eliminated as
the phatoenol.  However, no photoeno] of the starting ketone has ever

been identified in photalysates, although such an intermediate has been

postulated to occur in the photolysis of 2,3-butandione 1b2. They have
53,143

also been postulated as intermediates In photolsomerizations

and have been isolated as products in the photolyses of a number of i
72,73 108

1-phenylaltkan-1,2-diones and g-benzy) benzophenone Thus

it could be claimed that photoenols are formed by simple ketones as

well, but that they form in low ylelds and/or rapidly return to the

starting ketone.  Although this is a possibility, there are further
difficuities with the postulate of an Intermediate photoenol on the

path to photoketalizatlon, Presuming that addition of alcohal to the

photoenol has to be photochemcally initiated, the difficuity arises
that the photoenol may have an excltation energy greater than that

4
supplied by the wavelength of radjation used 1”.

1% is, of course,
possible that the ketone could photosensitise the reaction of the encl.
The Involvement of a photoenal perhaps locks rather unlikely in these
c!}cumstances, but it cannot be ruled out alogether

In a recent article Reardon and Kropp have suggested that a
| radlea) catlon mechanism of addition to C=C bonds can occur under certain
trradiation conditlons Wl % They reported additian of gleohel

solvent molecutes across C=C bonds using radiation of comparatively i

short wavelength (in quartz vessels)., From the type of products
obtained, they suggest the pathway in Scheme XVII| for the alcohol

addttion.

* The radical cation may in fact be the singlet excited state of the

olefin, which is considered to be a Rydberg-like state.
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Schems XV) )}

>:<.bﬁ- >——<~e

RO™ +» H®

e + ROH

it Is uncertain whether the fonger wavelength radiatfon used In
the present work would be sufficiently energetic to cause a similar
electron election from the ketone but it seems unlikely. tn any
case, ejection of a non-bonding electron from the oxygen would make it
positively chsrged and this s not an attractive intetmediate from
which to visualise formation of a ketal.

ft would thus appear that no explanation based os analogy.with
previous observations and hypotheses In the lterature Js entlrely
satisfactory. Therefore, a further hypothesis 1a suggested. ‘e
oxygen of the carbonyl group 1s undoubtedly hydrogen-bonded to the
hydroxyl group of the alcohal molecule.  The hydrogen will not be
symmetrically located between the two oxygen atol;ls involved but will
spend time at a site near to one or the other oxygen atom,  Frobably
it will spend more time near the alcohol oxygen than the carbonyl
oxygen since this position will give rise to less charge separation
and will probably be of lower energy. On nw* excltation of the
esrbonyl group, the carbonyi oxygen becomes etectron deflclent, and

the slte for the hydrogen atom near to this carbonyl oxygen atom,

¥, . ~

' e
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may now becoms of lower or comparabi. energy to the site near to the
alcoho] oxygen atom.  Movement of the hydrogen atom to this site
would give a dipalar compiex which could reasonably collapse hack to
the starting materials or vo the addition product

The above description Is rendered in Scheme XIX using a partia
dipele valence-bond representation of the carbony) excited state for
convenlence,

Scheme XIX

OR

It is suggested that the abstraction of hydrogen from the hydroxyl
group of the alcohol, Is competitive witli the normal a-hydrogen
abstraction only In the special circumstances of the pre-oriented and
possibly excessively-energised, hydrogen-bonded excited state, A
relaxed equilibrated excited state evidently behaves very similarly to
free alkoxy radicals (see Introduction, section D 1{a}). There is a
weak and not entirely satisfactory analogy to the present hypothesis in
the hypothesis advanced by Turro and coworkers 1n explanation of the
quenching of 2,3-butandlonevlumlnescence by phenols 1b5”A6. Hydroyen
transfer from the phenol was preposed as the mechanism of quenching,
and its efficiency was fournd to be better the grester the eleciron
releasing power of the phenol substituent. As hydrogen abstraction

from phenols by radicals occurs preferentlaliy from the hydroxyl group

.. N " et
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anyway, it must be admitted that the analogy is not particulerly
good .
8.  Treatment of Results

1. Form of Presentation of Results and Some Factors Affecting

Thelr Rellabllit
The peak heights recorded jn the Experimental, section D, were

reduced to percentages of the sums of the peak helghts of the identified
components,  The reason for guoting the proportion of each component
as a persentage of all Identified components In each salvent, was to
eliminate certain experimental variebles. The principal aim was to
compensate in » simple way for variations In g.c. analysis conditlons
(Injection size, column performance, programming rate, flow rate,
detector conditionsj. In addition variance in the exact inftial con-
centration of the photolysis solutions, would be compensated for.
Variations in the u.v. lamp output {intensity} would not be compensated
for by thls procedure of course, but it was considerad that this would
not be too serious. In the event, photolyses performed at different
times with the same reactlon mixtures gave results in satisfactory
agreement. In six cases slgnificant differences were observed and in
these cases both sets of results are recorded (see Experimental, section
D). Evan in these cases the qualitative conclusions are not altered
whichever set of results is chosen,

This method of handling the experimental data has potential draw-
backs which could lead to erroneous conclusions,  The most serious
potential problem Is that there may be other photoproducts which are
not eluted from the g.c. columns within the time Interval that the
g.¢. recorder is operating, These are then omitted from the

sumnation of all the peak helghté for that photoreaction, thus giving

PR - "
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the recorded components, percentages greater than the true values.
This possibility is not regarded as too serious an objectien as

{i) from reviews of the field of ketone photochemistry 22,32,41,103
it can be seen that all the commonly documented photoproducts have
been taken Into account, and (11) if there are products unaccounted
for, the variation in their ylelds from ketone to ketone and sojveut
to salvent should result in only minor pertubations in the relative
yields of the identifled comporents, Although these arguments can be
considered reasonable, the possibility of error artsing in this way
must be recognised, )

There are two more specific polnts to be noted in connection with
the results. The first point 15 that the 4-methyl-2-pentanone used,
contained an impurity which had a g.c. retention time corresponding to
that of h-methyl-2~pentanol under all conditions tested. Presumably,
the impurity was this alcchol. As a result no reliable estimate of
the yield of this product from the photoreactions of 4-methyl-2-
pentanone couid be obtalned. The contribution of chis product to
the total composition was therefore omitted. The percentages derived
for all the other components are therefore all higher than the true
flgures by a small amount. The discrepancy must, however, be auite
small and seems unlikely to have any disturbing effect on qualitative
comparisons of behaviour.

‘The other point relates ro the propartion of the acetone produced
from al} three ketones. As wil) be mentioned Jater, the formation of
2-propano} is one of the secondary reactions of acetone that has been
Identifled, Thus the peak of the Z-propanc! should be added to that
of the acetone In order to get a proper estimate of the proportion of

Type 11 elimination, However, the 2-propancl almast Invariably gives

. . -
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rise to & small g.c. peak, In some cases It was an fl1-defined peak
i and could not be satisfactorily measured. It was therefore felt that
to omit Inclusion of this small peak {2-propanol) Ir all cases would
be. the best procedure and would have no great effect on the respective
acetone yields for comparative purposes.
in some solverts complete product analysis could not be performed
B for ane reason or another (e.g. overlap of solvent peak with product
peak under the chosen g.c. operating conditions).  In these circum~
stances the genera) procedure for presentation of data could not be
followed and 1imited conclusions are drawn therefore from simple com~
' parisons of peak helghts for certain compounds of interest.

The results from the pentadlene~quenched and short-~term Irradiations
¢ : are alse presented In a Vimited form. The peak heights of two
products of interest (acetone and substituted cyclobutanol} are given
only as, with the Jow degree of conversion characteristic of these
experiments, the proportion of résldua) ketone could not be rellably
measured.

The presence 6f dissolved alr in the solutions did not appear to

affect the results, since experiments performed with nitrogen-

saturated and alr-saturated solutions gave very simllar results (Table IX -

page 88).  This Is In ilne with the findings of Guillet and coworkers

who found ne change In the quantum yields of reaction when a series of

2-alkanones were photolysed under nitrogen Instead of in ajr ”.
Thus no variation of results due to varlable proportions of dissolved
alr should oceur.

2. Effect of the Photokatallzation Reactlon on the Analysis of

the Results

The discovery of the generality of the photoketalization reactlon

i
i
i

was made at a late stage In the present wark, Thus whilst It was of
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corsiderable Interest, 1t was not possibie to thofoughly explore its
significance in regard to the present work and to make precise
estimates and allowances for ketal Formstion by repeating all of the
analyses under modified conditions. As careful an assessment as
possible was therefore made of Its expected Impact on the énalysis and
interpretation of the resufts.
{a) Comparison of the photoreactions of the various ketones

Only extremely limlted data bearing on this point is to hand, but
there are no grounds for suggesting that significant differences exist
in the extent of ketal formation undergone by the three ketones on
trradlation in a particular alcohol. Hence comparisens of the
results obtained for the throe ketones which involve estimates of the
residual ketone and/or acetone should be valid.

{b} Comparison of the photoreactions In the various selvents

The problem hers s patentially far more serlous since the extent
of ketal formatlon Is apparently Influenced quite significantly by the
nature of the alcoholic solvent. Hence comparisons tnvolving the
amount of resjdual ketone and/or the product acetone must be trested
with care.  As will be dliscussed later In the relevant sections,
however, allowance for the Influence of ketal formation would in fact
serve only to accentuate the qualitative trends which are observed in

tha present results.

€. Comparison of the Behaviour of the Different Ketones
1. Extent of Reaction and Quantum Yield

The proportion of residual ketene may be taken as a measure of
the extent and quantum yield of total reactlon assuming comparable
phatolysis conditions In all cases. Any ketal formation by the ketone

should have 11ttle effect due to the approximately equal amounts of
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ketal formation expected for all three ketones. Tha results in

Tables X to Xit (pages 90 to 92} indicate the followlag order of

photoreactivity in all solvents studied ™.

2 e > h-methyl-2 > Z~hexanone

This order is in accordance with expectations based on the availablie

Viterature reports. For example, some total gquantum yields for

2-pentanone and 2-hexa-one photolyses that have been reported are in

Table X111,

: Table X111 Literature values of total guantum ylelds f~r

B 2-pentanone and Z-hexanone

t Total quantum yleld

¢ Ketone of reaction Solvent Reference
2-Pentanone 0,39 ! hexane 28
2-Pentanone 0,42 hexane 10
2~Hexanone 0,33 hexane 28

i

H 2-Hexanone 0,33 pentane 17

The nature and number of the available y-hydrogen atoms probably !

account for this order. Thus the secondary tature of the y-hydrogens

H
i
¢
i

in 2-hexanons will Tead to more singlet participation (see Introduztion,
section C3{b)}, and thus a lower guantum yield of reaction than
2-~pentanone which has only primary y-hydrogen atoms,  Similarly,

the greater number of primary y-hydrogens of h-methyl-2-pentanéne as

compared to 2-pentanone will promote y-hydrogen abstraction, thus

giving rise to greater singlet pzrticipation and simitar consequences.

#* A slmllar sequence is indlcated by the sum of the yields of

acetone and vyclobutanol.

i
i




It s evident from the present results that the varlous solvent
effects reported in the literature and observed in this work do not
serfously perturb the intrinsic differences between the three ketones,
Thus support is given to the current Iliterature Interpretations of
structural effects on the quantum yleld of alkanone photolysis.

2z, Singlet and Triplet State Contributions

A few photo~quenching experiments were performed using the triplet
quencher cis-1,3-pentadiene. Following the report of excess penta-

3

diene causing some quenching of the singlet state 6 and the tendency

of recent researchers 28,48

to use guencher' concentrations comparable
to the ketor= concentration, a guencher concentratjon af &,15M
{versus 0,23M for the ketone) was used. Wagner and Hammond found
that a Stern-Volmer plot of unquenched/quenched quantum yields versus
quencher (1,3-pentadiene) concentration for 2-pentanone in hexane,
only reached a limiting value of about 8,3 at 8M quencher 1D_ For
0,154 quencher the ratio of unquenched to guenched guantum yields was
only 3,5.  Similarly with 2-hexanone the relevant ratios were 2,4 at
8M quencher and 1,6 at 0,15M quencher roncentration. Thus even

though triplet quenching was probably incomplete In the present experi=
ments, reliable qualitatlve comparisons of the relstive proportions of

triplet contribution to the total photoreaction of the different

. ketones should be possibla,

The limited results do pe;mlt approximate deductions concerning :
the relative contributicns of the singlet and triplet states in the
photoreactions of 2-pentanone and 2-hexanone (the peaks assigned to the
cyclobutanols could not be clearly observed in the quenching experIments
of h-methyl-2-pentanone}. From the results presented In Table v| It
can be seeh that ths product yields in the presence of quencher are

far lower than in the absence of quencher. It }s also noticeable that
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the cyclabutanol ylelds are particularly gres~ly diminished and, as

shown in the table below, this gives r*.e *s greater acetone/cyclo~

butanol ratios than found In the absenc. of guencher. This is In !

1
H
1ine with Titerature reports that t*e cyclobutano] Is predeminantly a E
triplet state product whilst acetorie is formed from both states. i
Table X1V  Acetone/cyclobutano) ratios of quenched, unguenched i
: and short-term photolyses of 2~pentanone and 2-hexanone ° g
:
‘1 Solvent Ketone b Quenched Unquenched Short-term <‘
Nujorn 2p 5,5 1,0 - ]‘
1] 2,3 0,36 - b
Mathanol 2 73 n7 1,7 :i
. 24 3,8 2,1 ¢ - !
2-0ctano| pid 11,8 2,6 2,9 i
24 4,3 21 -
{Hexadecane. F1d 6,7 1,0 1,4
Ethanol 2P 3,0 1,2 1,8 %
Cyclohexanc! 2p 5,1 2,2 1,3 ¢ ! !
Hexane 2P - 1o e d ;
' T-teptano! 2 - 1,1 1,2 '
! 1-Decano) 2P - 1,6 3,3
. {1,2-Propandiol 29 - 1,8 1,3
a) results derived from data [n Tahles Vi and Vil |

b} 2P = 2-pentanone,  2H = 2-hexanone
¢} average from both sets of results in Tables | to IV

d

approximate
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In the case of 2-pentanone the acetone/cyclobutanol ratio is
about five-fold greater in the guenchea as compared to the unguenched
photolyses, whilst in the case of 2~hexanche there is roughly a two-
fold difference (Table X1V). On the basis of this admittedly }imited
data, the order of decreasing criplet contribution is:

2-pentanone > Z-hexanone
As noted in the previous section this is ia accord with literature
reports regarding these two ketones (see Table XV helow).
Table %V Literature values of singlet and tripiet quantum ylelds

of veaction for Z-pentarene and 2-hexanone

Quantum yield of
reaction
Ketone Singlet Triplet Soivent Reference
2-Pentanone 0,03 0,36 hexane 28
2-Pentanone 0,05 0,38 Hexate 10
j2-Hexanone 8,10 0,23 hexane 28
2«Hexanone 0,13 0,23 pentane 17
i

Again it may be noted that the present resul«s establish that
the proportion of singlet and triplet state reaction is a propercy
at least primarily characteristic of a glven ketone, and that it is
Tittle affected by the nature of :hé salvant.

A few short-term, unguenched irradiations were performed to
astablish that the differences between the quenchad and unquenched

acetone/cyclobutanol ratlos wers not due to. the imuch smaljer extent

of reaction In the quenched photoreaction experiments. in Table XIV, .

tha acetone/cyclobutanol ratios for the unquenched short-term and long~

term frradiations are compared. The ratlos from the short-term

s a




v irradiations are slightly higher than those from the unguenched lohg-

term Irradiations but Pt can be seen that they differ markedly from

the raties from the Jong-term quenched Irradiations. It thus
appears that whilst there are small changes in the acetone/cyclobutanol

ratio with the exten. of conversion, this is not an explanation of

the results obtained in the long-term quenched jrradiations.

3.  Acetone and Cyciobutanol Yields

lrraspective of the variation in the relative ylelds of the
products due to solvent variance, there are consistent differences
between 2~pentanone and 2-hexanone on the one hand and d-methy)-Z-
pentanone on the other {see Tables X-XI1}). The order of aceteone
yields amongst the thrae ketones in both hydrocarbon and alcohol

media Ts: *

Yemethyl~ > >

whilst the order of cyciobutanol yields is:

t P > » bemethyi-

" An explanation for these two different orders, may be given in
terms of the nature and number of the y-hydrogen atoms, and steric
effects on the Intermediate 1,4-biradical behaviour.

§ ! (1) The secondary nature of the y~hydrogens of 2-hexanone leads
to a greater singlet contribution relative to 2-pentanone
(with primary y-hydrogens). Since there is more efficient
reaction from the triplet state {especially In regard to
27,28,49,

1 cyclobutahol formation 1t is not surprising that

* The order for the elimination In the gas phase is 2-hexanone > 4~

methyl-2-pentancne > 2-pentancne 7089187 gy change is
presusably connested with the grestly Increased Type | reaction

quantum yleld Tn the gas phase,

i
¢
i
¢
i




Z-pentanone gives greater acetone and cyclobutanol ylelds
than 2-hexanone.

{i1} The increased number of primary y-hydrogens in b-methylt-2-
pentanone as compared to 2-pentahone, should give rise to a
greater proportion of singlet reaction in the former case.
in addition, on account of the differing sterfc requlrements
of the biradical conformations that Jead to ellmination snd
cyclization {see Introduction, section D2(c)), g-substituents
Tead to a preference for elimination over cyclization 9".

This effect has been reported for ary! alky! ketones but
presumably is also aperative for diaikyl ketones. Hence h~
tethyl~2-pentancne could indeed give the highest acetone and
towest cyclobutaro! yields of the three ketonas.

The relative magnitudes of the acetone/cyclobutano! ratlo for these
three ketones are therefore more or less as expected (M-methy}-2-
pentanone > 2-hexanone > 2-pentanone), , However, they are smaller than
those reported in the literature for 2-pentanona and 2-hexanone

(Table xvi).

Table XV)  Acetone/cyclobutano] ratios for 2-pentanone and 2-~hexanone

Present, work
¥etone {average) Literature
2-Pentanone 1,3 2,2 (neat ~ ref, 14)
2-Hexanone 1,5 2,3 (in pentane - ref. 17)

The extent of conversion may be a factor here because, as noted before,
the acetone/cyclobutane! raties for the short-term irrasjations are on
the average higher than those sbtained for the long-term frradiations.
Secondary reactions of the acetona seem & likely explanation of these

differences and though 2-propano} was accounted for (see next section)

%




other possible photoproducts from acetone were not. These other
products could derive, for exampie, from coupling of the 2-hydroxy-2-
: propy) radical with any of the other radlcals In the reaction system 8
as well as the photoketallization already discussed.  The low acatone/
cyclobutanol ratios found in the present experiments are thus easily
explained, although it is not possible to confltm the explanation
without further experliments. Ji seems unlikely that these secondary
B reactions would affect any qualltative comparison$ however.
4. Photoreduction
Photoreduction of the parent ketone and, to a small extent, the
eliminated acetone, was observed in all experiments. tt was polinted
out in the introduction that photoreduction Is a triplet state process.
However, in the quenching experiments it was seen that some reduction
of both the ketone and the acetone still occurred in all cases. Most
tikely this Is from some unquenched triplet reaction (see Discussion,
sectlon €2}, although photoreduction from the singlet state Is a
possibilicy.
The observed percentages of the photoreduction product from two of

the ketones are summarised in Table XV11 {the h-methyl-2-pentanol from

hmethyl«2~pentanone could not be determined (see Discussion, section
8(1}), and are ssen to fall in the sequence:

%*pem.anone > 2-hexanone
i.e, the same order as for total reaction and presumably that of

decreasing triplet contributien,

|
i
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Table XV Yield of reduced ketono as a percentage of the products

in photoreaction mixtures
Solvent 2-Pentanol ° 2-Hexanal
Hexane 12 b
Dodecane 16 L]
Hexadecane 17 b
UNujo1" 26 [
Hethanol 4 1
Ethanol 35 5
2-0ctanol 28 o,h
t-Decano} 24 ]

a) from 2-pentanone; derived from data in Table }

b} fror 2-hexanone; from Table IV

Secondary photoreduction of the eliminated katone (in the present
experlments,acetone giving 2-propanol) is to be expected and Indeed
has been reported in the Viterature ”7. In the short-term
frradiations the amount of 2-propanci produced was very small as would
be expected If Tt is a secondary reaction product. Three experiments
in which acetona was Jrradiated In hexane, 1,2~ethandicl and
1-decane] showed the feasibitity of this interpretation. At a high
conversion of acetone, 2-propanol and a number of further {unknown}
products were seen on gas chromatographlc separation of the mixture.
However, the 2-propancl yleld from Lhese irradlations was always at
least equal to the total ylelds of the unknown praducts,  Some of these
unknown products were alse detectable in the g.c. traces of a few

photalysates previcusly obtained.  Presumably they corraspond to

e, L
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v : comblnation of the 2-hydroxy-i propyl radice) with solvent-derived

radicals,

The yield of 2-propanc] in the photofysates from Z-pentanone,
i-mothy}~Z-pentanone and 2~hexsnone was always small and Tts

proportion varied 1ittle from one case to another.

§ H D, Comparison of the Effects of the Different Solvents
‘ 1. Polarity and Chemigs) Nature of the Solvent
: (s} Extent of photoreaction

Breater total reactlon quantum ylelds are expected In more polar

soivents, although the effects reported are not large for alkanones
(see Introduction, section E2). According to Wagner and coworkers

the effect may be related to the baslcity of the solvent '/

, rather
than its polarlty as measured by the electronegativity or dipote
moment. A factor complicating the comparisens is the variation in
the relation beiween guantum yield and Irradiation time In different

salvents, for examplerin the case of valerophenone, the guantum

yleld diminishes at convarsions greater than 20% when the reaction fs
i carried out in T-propanol but In benzene solution It only diminished
at conversions of greater than 75% U0 in the present work,
conversions of around &0% were achleved In the irradiation time used
H and this would suggest that there may be a larger decrease in quantum
yields for the irradfations carried out in alcohol solvents as com-
pared to hydrocarbon solvents, Howaver, comparis.. + of the extent
of reaction as measured In the present work should be only moderately
influenced by such quantum yield variaiians,

Taking the remalning ketone as & measure of the total extent
of reaction, it can be seen from the dota In Table XVIII below that
the extants of reactlon are greater in the alcohol solvents for all three

ketones.  The same effect is shown by the sums of the wcetone and

i
{
i
i
i
H
|
i
i
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cyclobutanol yletds, these being the product yields of principat

interest.

Table XVII|l  Average results for the extent of photorcaction of the

a

three ketones © in different solvent types

Percent Percentage acetone +
residual ketone cyclobutanal
Solveni type
2r bp2pP 2H < hzp 24
Hydvocarbons 49 61 n 33 o7 30
Alcohols 42 L 39 51 32
a) 2P = 2-pentanone, 4M2P = 4-mathyl~2-p 2H 5= 2h

data taken from Tables X to X1l

A word of caution should be added because th decrease in propor-
tion of residual ketone in the alcohnls could be partly due to
fxtel zation of the ketuwie. ‘lowever, the asverage proportion of
residual ketone for Trradiations in lorig and short chain alcohols 1s
glven and since photoketa’ izatlon would appear to be much less
efficient for long chain ¢lcohols (see Discussion, section A}, the

perturbing Influence of this would be at d

Furthermore the same trends are indicatet by the sum of the acetone
and cyclobutanol yleids,

As a result of these conslderstions, v is believed that these |
quatitative Indlcations of polarity effects are probably relfabie.

(b) Acetone and_cyclobutanol ylelds

Several authors have shown that both acetone and cyciobutanol
yields stould increase with salvent polarity 35741:49,60,60,96 (oo
previous sectien {a)). These authors show (or (mply) that this Increase

in yleld with polarity is far greater ¥or the elimination product than B

oy . R

& TR




the cyclization prudu;:t‘ The data showa in Table XIX below support
this belief: indeed with 2-pentanone and 2-hexanone, the average
H cyclobutanal yields are fdentical (within experimental errsr) In
hydrocarbon and alcohoi medla,  The effect of solvent polarity might
be more pronnunced the greater the triplet contribution to product
B formation, sinck polarity effects apparently operate only on triplet
state reactjons. The acetone yield data in Table XIX, are consistent
with this, the percentage difference between the yields in alcohols
and in hydrocarbors following the trend expected from the above con-
. slderations {see alsc Discussion, section Ci{a)),
Table XiX Average percentages of acetone and cyclobuisiol from
the photolyses of the thres ketones ® fn solvents of

different types

Percent acetone Percent cyclobutanol
Solvent type
3 2» o 20 2p A2p 2H
. Wydrocarbons 17 28 16 16 3 4
g K itnels 24 38 13 15 i3 13
% D1 ference % 36% 27%

2) 2P = 2-pentancne, 4M2P = k-methyl-2-pentanons, 2H = hexanone;

R data from Tables X to X1

Tor the alcohol solvents any phownketalizatlon will decrease the .
acetone yleld {unless this keta) elutes with the acetone under the g.c.
analysis conditlons used).  Thus the % difference In Tabl.: XIX may
be ever: ¢1ightly iarger ~ if the exact amount of photsketallzation
were known this could be allowed for. Wagner says that he obtai. s

the same quantum yields for Type !i reaction of valerophenone in
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e twalve hydrocarbons a;\d also in five primary aicohol soivents - but
the hydrocarbons gave & lower gquantum yield than the primary alcohols 35,
In the present werk, identical yields of acetone were not obtalned
from a given ketone in different hydrocarbons or in different
primary alcohols (see Tables X to Xii}. The yields were, however,
close enough for average figures to be quoted in Table XIX. This
¢ may be a point of difference between aryl alkyl keton.s and dialkyl
ketones,
Cemparison of results in hydrocarbon and alcohol media may aiso
be mad¢ through the ratio of ylelds of acetone to cyclobutanol,
although from the lterature reports It is evident that this Is a
tess sensitive indicator of effects. This ratioc shouwld be grearer
in the aicotol solvents than in the hydrocarbon solvents and this
expectation is confirmed by the data from the present work in
Table XX below. Some differsnce between primary and secondary
ajcobals Is weakly evident but with the limited results available no

firm conclusion can be reached on this.
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TJable XX Acetone/cyclobutanol ratios obtained from photolyses of

the three ketones in different solvents °

Ketone
Solvent
. -Methyl=~ ~
: 2-Pentanone 2-pentanone 2-Hexarone]
1 Hydrocarbons
! Hexana 1,00 3,38 11
Dodecane 1,2 3.7 N
Hexadecane 1,0 441 1,3
Nujoi! 1,0 1,9 0,96
Average 1,8 3,2 1,1
Primary Aleohots
Hethano! 17 §,7°% 2,18
Ethanol 1,2 2,3° s
1-Heptano! 11 2,3% 13
1=dciano} 1,2
t+Decanc} 1,6 3,2 1,8
1=Dodecano! 1,2
Average 1,3 3,6 1%
Secondary alcohols
2-Heptanol 1,5
2-0ctanal 2,6 7.3 2,1
2,6~Dimethyl~4~heptanol 1,3
Cyclaheaxanol 2,2
Average 1, (7.3 2,1}
Miscellaneous
1,2-Ethandlol 0,49 ) 0,44
1,2-Propandio} 1,8 3,2 14
1,3-Propandlol 0,7
2=Methy|~2-propanc] 1,5 1,8
2-Propanol 3,8
' s} derived from data in Tables | to IV or Tables X to X}l ;
b} average from both - :ts of results ¢} large E
i
i
i
o P v, N _ “ R
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In summary the present restlts are consistent with expectations
based on Yiterature reports and hypotheses but because of a variety
of possible contributing effects, It would be unwise to regard the
present results as providing unambiguons support for 1terature
hypetheses.

{c} Photoreduction

As shown in Table XXI below the amount of photoreduction of
2-pentanone was slightly greater in alcohel than in hydrocarbon

solvents on average, although there areé exceptions

Table XX| Propertion of photoreduction of 2-pentanone in different
solvents °
st T s
Hexane 2
Bodecane 16
Hexadecane 17
“NujolY 26
Methanol ]
Ethanol 35
2-Methyl -2-propanc! 1
1-Keptanol 33
2-Heptano] 38
1-0ctanoi 25
2-Octanol 28
2,60 1methyl ~i=heptanot 9
1=Decanc] ' 2%
1~Dodecano] 4
1,2-Ethandio} 3
1,2-Propandiol 25
Cyclohexanol 59
Benzyl aleohol 500

a) derived from data in Tables | and 1}
b} approximate '




- 107 -

This would be expected as alcohols are known to be better hydrogen
atom donors to radicals, due to the greater stabillity of a~hydroxy~
alky! radicals as compared to simple alkyl radicals.

The Importance of the stability of the solvent radical n regard
to the extent of ietone photoreduction Is particularly well illustrated
by the following observations from Tabie XXI.

{1} Benzyl alcohol did not produce enough reactior, far

accurate measurements, but the 2-pentano] peak was the
predominant one - {n accordance with the particularly
stable character of the benzylic radical formed.

(11} There is & greater proportion of 2-pentano} formed in
Irradistions of 2-pentanone in secondary alcohol solvents
as compared to primary alcolw] soivents,

(111) There is 1ittie hydrogen abstraction (j.e. 2-pentanol
formatinn) from 2-methyl-2-propanol which has no
arhydrogen atoms ”‘9.

The yleld of 2-pentanol appears *u increase with increasing hydro-
carbon chaln length.  The 2-penitano! yield In “Nujol!' is comparsble
te that in the long chnin alcohols - as would be expected, A
possibie explanation is suggested in the next section (nls.cusslon,
sectlon D2).

The oxidatlion {hydrogen abstracted) products of the sulvent
formed with the ketone photoreduction product were not generatly sought
for, Two obsarvations were made, however, Firstly, in the case of
2-propano} as solvent, the abnormally kigh acetone/cyclobutanol ratic
(Table XX} or acetone yield (Taule It} is presumably due to the forma-
tion of additlonal acetone by oxidatien of the 2~propanol

150)

{e.g. Pitts Secondly, ethanat was ldentified in the

photolysates of all three ketones In ethanol and 1,2-ethendioi.
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i Ethanat is of course a possible Type | photolysis product from

all three ketones, but 1t 1s only In these two solventy that a
significant amount Is obtained. This suggests that it is largely
formed by another route In these solvents, e.g. by oxldation of the
solvent, In the case of ethanol this is readily visualised as in
Scheme XX, where X' 1s any radical in the reaction mixture. in the

Schers 2%

H

9 .
he RCR, + CH,CHOH

RCOR‘ + CZHSOH

cusénoﬁ + X' = CHCHO + X

case of 1,2-ethandio}l an analogous sequence of reactions could tead
to glycolaldehyde, No attempt to establish the presence or
absence of this product was made so it could have been farmed.
However, ethanal, {f it was correctly ldentified, must be formed
by a different route. The followling scheme (Scheme XX1) is @
possibility, The compound HX is any hydragen atom donor in the

reaction mixture.

Scheme XXi
: he o :
RCOR# HOCHCHOH e RCR, + HOCHEHOM
HO&HZCHOH e SCH,CH=0 + Hy0
'CH20H0 +HX e CH3CHO « X
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The formation of a ﬁHZCHO radical is not unknown,  [n one article
Livingston and Zeldes studied the u.v. photolysis of a solution of 1%
hydrogen peroxide in 1,2-ethandiol with varylng amounts of water and

¥a the presence or absence of acid catalyst 1b9.

The solution was
purged of oxygen so 'OH radicals were produced only from the hydrogen
peroxide.  These then abstracted a hydrogen atom from the solvent.
The solvent radicals thus formed were observed by e.s.r. spectroscopy
and in the aeld catalysed spectra, the major radical was éHZCHO. With
no aclt catalyst present the major radical produced was HoéHCHZOH but
some 5H2CHO we- 11} formed.  Other authors have alsoc reported the
format ton D radical from 1,2-ethandiol, but using strong
acld or basa « 4 oxidation o),

2. Vissgsity of the Solvent

The results obtalned for irradiations performed in hydrocarbons
are the onty ones tlkely to be of value in discussing viscosity
effects, since thare are too many other factors influencing the
resul ts obtained for irradiations in the alcohol solvents. it was
fnitially considersd that as the hydrocarbon chain length or the
viscosity increased, the fncreased "Internal pressure” of the system
might favour the cyclization over the elimination reactlon,  This
woutd be refiected in a decreas!ing acetone/cyclobutanol ratle with
fncreasing solvent visccsity. As can be seen from Tabte XXII (page
110) this explanation Is clearly not confirmed.

From Table XX|1 It can be seen that the percentages of acetone
and cyclobutanol show a small, general decrease as the hydrocarbon
chaln length Increases although there is considerable scatter In the
data, The decrease In the acetons (ellmination) yield Is on the

wholte mora marked than that of the cyciobutanol {cyclization) ylald
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though. it can also be seen that both the amount of remaining
ketohe and th~ yleld of reduced ketone show an increase with increas-
ing hydracarbon chain length

A tentative explanation for these observations may be based on
consideration of the effect of the medium on the rate of rotation in
the 1,4~biradical, Brown has suggésted that rotation in the

126 4nd therefore

1,4-biradical may be retarded in viscous medla
this may lead to Increased efficiency of back donstion of the
¢hydrogen atem in such medla (see Introduction, sections D2{e) and
E3(h)}. There seems no reason to expect any dlrect effect of solvent
viscosity In the photoreduction and the small increase in the
proportion of this product may simply Indicate its greater
probabl1ity of occurrence when the alternative reactions (which require
internal rotatlon) are retarded.

1t could also be argued that the increased proportion of
unchanged ketone might be due to a decrease in the quantum yield of
the Type | reaction by Increased cage recombination, with Increasing
solvent viscosity. There s no qualitative evissnce for this In the
resuits although {t cahnot be ruled out as a contributory factor.
With the )imlted experiments) mvidence at hand, It seems most economical
to tentatively adopt the explanation advanced in the previous
patagraph,

in conclusion it mist be noted that the solvent viscaslty effects
observed In the present work are small and that more accurate experi-
ments on & wider range of ketones are needed to establish their

validity unambiguously.

o, - - -
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time, an increass in triplet energy or an increase in the mv*
character of the exclted state. The simplest and most attractive
explanation s that hydrogen abstraction Eram.the solvent is
‘hindered by u‘substi‘tuents *

Tributyistannane has also been used in an attempt to trasp long-
tived biradicals formed by intramolecular Y~hydro§en abstraction in
Eriplet aryl alkyl ketones 80, ATl attempts at trapping these
4ivadicals with tributylstannane failed, however, ' and from
aun. aquent wor' by Wagner and coworkers GD, it appears that this is
beca se the very rapid -aduction of the triplet ketone obscures
the <*fect. in this later work Wagner and coworhers using
alkyithicls were able to demonstrate trapping of biradical: and
placed an spper Timit of 2 % 10.7 sec on the lifetime of the unsolvated
biradica) derived from triplet -alerophencne in heptane solutlon,

{n benzene wtaining pyridine this lifetime was incressed to
5078 see by swivation 6o {see below).

2, Saivent Polarity Effects

Wagner ha¢ investigated the effect of solvent polarity on the
quantum ylelds of Type [t reaction and cyelobutanc) formation 35.'
Ary! alkyl ketrues wera ysed since they react largely from the

triplet-derived klradical “0+4150

Wagner found that the quantum
yields of the allmination and cyclizatlon products increesed in

polar solvents, He advanced the theory that hydrogen bonding

it Is interesting to note that Lewis also suggests the hydro! {a}

is formed by disproportionation of two ketyl radicals and not by

disproportion of the original ketyl-solvent radical pair

(from point (V)).
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