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ABSTRACT

Some Studies in Step-Growth Photopolymerization

This work reviews some reported investigations and describes some
further studies in step-growth photopolymerization.

Benzophenone-type aromatic diketones were prepared by Friedel-Crafts
synthesis.

The diketones were photopolymerized directly with tetramethylallene
and with 2,5-dimethylfuran in benzene solution, yielding low to medium
molecular weight polymers containing oxetane rings in the main polymer
chains. Irradiation of diketones in a large excess of furan resulted
in cycloaddition of carbonyl groups to furam C=C double bonds and the
formation of furan-diketone 2:1 adducts. The 2:1 adducts were photopoly-
merized with equimolar quantities of diketone to give polymers.

Spectroscopic evidence indicated that all polymers contained OH
groups, arising presumably from hydrogen abstraction reactions. The
physical properties of polymers from tetraﬁethylallene and 2,5-
dimethylfuran were consistent with the formation of linear polymers,
hydrogen abstraction from methyl groups still allowing propagation of
the polymer chain. The physical properties of polymers containing
furan residues were indicative of crosslinks in the polymers, one
possible source of such crosslinks being abstraction of hydrogens « to
furan residue oxygens.

Pyrolysis of polymers resulted in cleavage of oxetane rings, and

polymers and 2:1 adducts from furan were unstable at room temperature.
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Polybenzopinacols were prepared by irradiation of the diketones in
benzene-isopropanol mixtures. Solvent mixtures containing greater than
50% by volume of benzene were found Lo be most satisfactory.'

The photochemical oxidative-reductive dimerization of acetophenones,
and the photoenolization of 2-alkylbenzophenones followed by Diels-Alder
addition of the photbenols to dienophiles have been examined as
possible model reactions extendable to photopolymerization, Prelim%nary
results indicated that the production of high polymers from the diketones

studied was unlikely,
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NOTE TO READER

In this thesis Compounds, intermediates, structures etc. are
designated by arabic numerals only where discussion in the text is aided
by such referencing. Compounds are mostly referred to by their full names.

In Chapter 4, the preparation and characterization of series of
polymers from benzophenone-type aromatic diketones and dienes is
described. The polymers are identified by abbreviated names, the
abbreviation being a composite form of abbreviated monomers. Monomer

abbreviations are as follows:

Monomer Abbreviation Reference No.
Tetramethylallene TMA
Furan F
2,5-Dimethylfuran DiMeF
m-Dibenzoylbenzene M (40)
p-Dibenzoylbenzene P (41)
4,4'-Dibenzoyldiphenyl ether E (42)
4,4'-Dibenzoyldiphenyl 0 (43)
4,4 '-Dibenzoyldiphenylmethane 1 (44)
1,2-(4,4'-Dibenzoyldiphenyl)ethane 2 (45)
1,3-(4,4'-Dibenzoyldiphenyl)propane 3 (46)
1,4-(4,4'-Dibenzoyldiphenyl)butane 4 47
1,5—(4,4'-Dibenzoyldiphenyl)pentane 5 (48)
1,6-(4,4'-Dibenzoyldiphenyl)hexane 6 (49)
1,10-(4,4"'-Dibenzoyldiphenyl)decane 10 (50)

Polymers from tetramethylallene and diketones are designated as
polyTMAM, polyTMA2 etc, where polyTMA2, for example, is the polymer

prepared from tetramethylallene and 1,2-(4,4'-dibenzoyldiphenyl)ethane.
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Polymers from furan and diketone were generally obtained via
intermediate furan-diketone 2:1 adducts which are designated as diFP,
diF3 etc. where diFP, for example, is the furan-digetone 2:1 adduct of
p—dibenzoyibenzene. :Corresponding polymers are abbreviated to the form
polyFP, polyF3 etc.,‘whe;e, as an example, polyF3 is the polymer
containing furan and 1,3-(4,4'-dibenzoyldiphenyl)propane residues,
Polymers prepared from 2,5-dimethylfuran and diketone are abbreviated
to polybDiMeF4 etc.

Polybenzopinacols prepared from the various diketones are denoted
by the term polypinacol followed by the abbreviation for the diketone
from which the polymer has been prepared. Thus, for example,
polypinacol 10is the polybenzopinacol from 1,10-(4,4'-dibenzoyldiphenyl)
decane.

Throughout this thesis the term molecular weight, with reference to
polymers, refers to the number average molecular weight, Nuclear

1
magnetic resonance (n.m.r.) spectra are all H n.m,r. spectra.
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CHAPTER 1

STEP-GROWTH PHOTOPOLYMERIZATION

INTRODUCTION




1.1 Classification of Polymer Forming Reactions

In 1929, with the increasing need for organization of the
accumulating data of brganic polymer chemistry, Caréthers suggested a
system of polymer clqssification in which polymers were divided into two
groups based on a conparison of the structure of the repeatiné unit of
the polymer with the structure(s) of the monomer(s) from which the
polymer was derived.1 The two classes of polymers weré called addition
polymers and condensation polymers.

Addition pélymers were defined as those in which the molecular
formula of the repeating unit is the same as that of the monomer, the
polymer molecular weight being the sum of the molecular weilghts of the
monomer units used to construct the polymer chain. A common example is

that of polymers formed from the polymerization of vinyl monomers (1.1).

n CH =FH -+ -{-CHZ-’CH-}H _ (L.1)

X X

2

Condensation polymers, on the other hand, were defined as polymers
in thch the molecular formula of the repeating unitvdiffers from that
of the monomer, the repeating unit containing fewer atoms than the monomer
and the polymer molecular weight being less than the sum of the molecular
weights of the monomer units from which the polymer is derived. For
cxample, linear polyesters formed by the reaction of a glycol with a
dibasic acid are typical condensation polymers (1.2).

838 ¢ 9

i
nHOROH + nHOCR'COH — -Eonocn'c}-n + 2nH,0 (1.2)

The corresponding classes of polymerization processes, by which

addition polymers and condensation polymérs are formed, are respectively



addition polymerizations and condensation polymerizations.

Although Carothers' classification h;s provéd useful and acceptable
for many polymeré, it does have serious shortcomings in merely relating
the molecular formulae of monomers to those of the repeating units.
Flory2 has pointed out that the reactions producing the polymers are
the important factors in polymer classification rather than the comparison
of monomer and repeating unit stoichiometries. He regarded a
polymerization process proceeding by reaction between pairs of functional
groups with the formation of a type of interunit functional group not
present in monomers as a condensation polymerization, This defirftion |
allows, for example, the classification of the reaction between a glycol
and diisocyanate (1.3) as a condensation process, although there is no
difference between the molecular‘formula of the monomers and that of the

repeating unit,
0

0
[ (llo I
nHO-R-OH + nO=CN-R'-NC=0 = HO—{—R-OCNH-R'~-NH —};mn-opmu-n'uc (1.3)

Polymers containing a particular repeating unit may be synthesized
by addition polymerization or condensation polymerization. Lenz3 has
exemplified the case of polyethylene and related polymers containing the
—CHZ-CHZ— repeating unit, High molecular weight material may be obtained
by addition polymerization of ethylene, and by condensation polymerization

of diazomethane (1.4).4

nCHN, - —{-CHZ-CHZ-}-n/Z + N, (1.4)

A low molecular weight polymer of the same empifical formula may be

prepared by condensation polymerization of decamethylene dibromide and




sodium via the Wurtz reaction.5 This polymer possesses very different
physical properties from the higher molecular weight polymers, although
the two polymers formally classified as condensation polymers might be
expected to possess the more similar properties.

Consideration of the characteristics of the growth re&ctions
producing the polymers allows a more meaningful system of polymer
classification, especially in rationalization of resulting physical
properties., Such considerations lead to chain-growth polymerization and
step-growth polymerization as the polymerization classes based on polymer
growth reactions, The characteristics of these limiting types-of
polymerization reactions are listed in Table 1.1.

Lenz3 has advocated a more comprehensive polymer classification
scheme incorporating three important variable parameters. Consideration
of growth mechanism, relationship between monomer structure and repeating
unit structure,and molecular weight of polymer thus leads to eight

polymer classes.

1.2 Photopolymerization

The commonly accepted definition of photopolymerization has been the
initiation by light of a chain polymerization process, although more
generally it implies the increase in molecular weight caused by light
and therefore includes the photocrosslinking of macromolecules.6’7

‘The link between these two aspects of photopolymerization is the use of

light as energy source and polymeric materials as the object of interest.



TABLE 1.13

Characteristics of the Limiting Types of Polymerization Reactions

Characteristic| Step-growth polymerizationi Chain-growth polymerization
Component Initiation; propagation & Initiation, propagation &
reactions termination reactions are termination reactions

Polymer growth

Reactivity of
monomer

essentially identical in
rate and mechanism.

Slow, random growth of
polymer. High reaction
conversion is required
for a high degree of
polymerization,

Functional group in
monomer unit ig usually
assumed to have the same
reactivity as the
functional group on the
end of the growing
polymer chain. Monomer
is capable of combining

"with itself or with any

other species present
with equal ease. This
results in rapid
disappearance of
monomer ‘at early stages
of the polymerization
reaction.

disappearance of

reactants

Rate of

Time

significantly different in
rate and mechanism.

Once initiated, a rapid,
preferential growth of each
polymer chain. High
degrees of polymerization
are attained at the start
of the reaction.

External energy or addition
of highly reactive compound
is required to initiate
monomer polymerization.
propagation reactions
monomer is capable of
reacting only with an active
end-group on a polymer chain.
This results in significant
but steadily decreasing
concentrations of monomer

In

throughout the polymerization

reaction.

Rate of
disappearance of
reactants

Time

contd./




Table 1.1 contd.

Characteristic

Step-growth polymerization

Chain-growth polymerization

Typical
example

Self-esterification.of
thioglycolic acid.

0

[}
nHSCH,COH -

2
0

il
x--E—scuzc-}-n/x + nH,0

%=

number of polymer
molecules

average degree of
polymerization

Ring-opening transester-
ification of dithioglycolide

0
[
AN
s
%

CCH,
[
0

-

/
N

0

1
y-E-SCHZC-}-Zn/y

y = number of polymer
molecules

2n average degree of
polymerization

x|

< |z




(a) Photoinitiated Polymerization

A vast number of valuable polymers have been prepared using
ultraviolet light. Over a century ago Blyth and Hofmann8 obtained a
polymer from styrene on exposure of the monomer to light. Berthelot and
Gaudechon9 successfully employed ultraviolet light in the first reported
polymerization.of ethylene to a solid.

The majoriﬁy of photochemically initiated polymerizations are typical
chain processes in which the elementary steps are the production of
primary radicals, initiation of chain radicals from primary radicals,
chain propagation and chain termination. The chain reaction nature of
such processes was first shown by Osttomislenskilo in 1912, who found
that, for poly(vinyl bromide), the quantity of polymer produced by light
was considerably greater than that expected from an ordinary photochemical
reaction. Quantum yields (in terms of the number of monomer molecules
polymerized per quantum absorbed), of the order 103 or more were known
in the 1930'5, examples being the photoactivated polymerization of vinyl
acetate in the liquid phase,11 and the photoactivated polymerization of
methyl acrylate.12

Direct photolysis of the monomer may be sufficient to produce free
radicals initiating polymerization,as in the case of pure styrene
polymerization. Alternatively a wide range of substances may be employed
as suitable free radical sources on photochemical irradiation. A few
examples of compounds used in initiation are shown in Table 1.2. Further
examples may be found in a review by Oster and Yang6 and references

cited therein.
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Amongst advantages of light-initiated free radical processes over thermally
induced processes are the possibilities of studying nonsteady-state kinetics
of polymerization simply by turning the light on and off,6 the study of
polymerigations at very low temperatures which redﬁces the frequency of
chain-transfer processes leading to branched polymérs and sometimes makes
it possible to obtain stereoregular polymers,21 and its uses in
photography22 (also see section 1.2(b)).E

Not all photoinitiated polymerizations involve the production of
free radicals. In solution,ionic mechanisms may operate. For example
sodium tetrachloroaurate, NaAuCl4.2H20, has been used as a photosensitizer

in the cationic polymerization of N-vinylcarbazole.23

(b) Photochemical Crosslinking of Polymers

Applications of photocrosslinkable polymers can be traced back as

far as the time of the Babylonians who used exposure of a fofm of pitch
to light in the preparation of decoracions.z4 Niébée, "the world's first
photographer', used the natural light sensitivity of an asphalt, bitumen
of Judea, in the preparation of a heliographic copy of an engraving in
1822.22’25

The work of Minsk was of prime importance in the development of the
field, with his preparation of poly(vinyl cinnamate) and the incorporation
of dyes into the coating of the polymer, providing a means of photo-
sensitization.26 Some structures of light sensitive units incorporated
into polymers are indicated in Fig.l.l.24
Crosslinking may involve photodimerization via cyclobutane formation,

as is thought to be the case with poly (vinyl cinnamylideneacetate);27

(cinnamylideneacetate = PhCH=CH-CH=CH-CO0-).



FIGURE 1.1

Light sensitive units incorporated into polymers.24
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Crosslinking is commonly observed as a competing process with
degradation in polymers exposed to light., In general terms such cross-
linking is largely due to reactions of secondary polymer radicals
resulting from cleavage of groups or atoms from the main polymer chain
(cf, section 1.3). Actual crosslinking may occur by radical combinations
or by addition to unsaturated sites in other chains, As an example of
radical combination, irradiation of poly(ethyl acrylate) films at 253, 7nm
results in crosslinking, the degree.of which is proportional to the
amount of light absorbed.28 Cleavage of the carbon-carbon bond adjacent
to the carbonyl function produces a stable free radical capable of

combination at a similar site on another chain (1,5).

~ CH_.CH~ ﬁ
C=0 TN ~ CH,CH ~ + B 0C,H, (1.5)

0C,Hg

A plethora of examples of photochemical crosslinking of polymers and the
related photochemical grafting of one monomer to a polymer may be found

1in the literature,

(c) Step-growth Photopolymerization

The preceding sections 1,2(a), 1,2(b) briefly indicate the
multitude of well established polymers that have been prepared by
reactions 1ong‘c1assified under the general heading of photopolymerization,
Over the last few years, howéver, there has been an increasing number of
reports of polymer reactions of the step-growth type, in which photo-
chemical reactions aré used in forming the bonds of a linear polymer

chain in each propagation reaction., De Schryver and Smets have thus
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pointed out the need to reexamine the concept of photopolymerization,
Recently they have suggested that the term photopolymerization be reserved
specifically for polymerization processes in which every chain

propagation step involves a photochemical react:lon.z-9 In this sense
photopolymerization is distinct from photoinitiated polymerization,

De Schrerr and Smets have divided phdtopolymerizations into three
classes according to the nature of the species intervening in the
propagation step, The intervening species may be a singlet excited state,
a triplet excited state or a reactive ground state resulting from a
photochemical reaction, Examples of each class have been reported and
a detailed review of polymerizations embraced by the redefined term
photopolymerization may be found in sections 1.5-1.12 of this chapter,

Step~-growth photopolymerizations generally involve the use of
suitable non-conjugated bichromophoric systems, Possible processes
occurring on excitation of one of the chromophores are illustrated in
Figure 1.2.30

Deactivation of the excited state (path a) may yield ground state
starting material, Delocalization of the excited state over the two
chromophores (path b) may occur and the resulting complex may also
deactivate to starting material (path c), Cyclomerization is possible
(paths b, d, or path e), depending on the probability of reaching,within
the lifetime of the excited state involved, a conformation favéurable

31,32 With non-

}

for reaction, and on the stability of this conformation,
identical chromophores intramolecular energy transfer is possible

(paths f and g) as is subsequent deactivation (path h), All these
processes are alternatives to photopolymerization (path 1) and for the
latter reaction to be successful, due consideration must be given to the

possible competing processes,



FIGURE 1,2

Possible reaction pathways in non-conjugated bichromophores30
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Key ) = chromophoric group; * = photoexcited group.

12,



13.

1,3 Photodegradation of Polymer833

In any study on photopolymerization possible destructive effects of
light on the polymers must be taken into account in the selection of
suitable systems and reaction conditions, A considerable volume of
research has been directed towards obtaining an understanding of the
photodegradation and photooxidation of polymers, The destruction of
man-made polymers and changes in polymer prdperties as a result of
exposure to sunlight are problems of particular interest to industry and
environmentalists alike,

In relation to polymer degradation, ultraviolet light is responsible
for two major types of reaction; firstly chain scission involving
rupture of bonds in the backbone of the polymer chain leading eventually
to the formation of low molecular weight fragments of the polymer, and
secondly crosslinking with the formation of an insoluble infusible
network structure, Competition between these two reactions usually
determines the net effect of such irradiation, Crosslinking has already
been considered in section 1,2(b),

An understanding of processes involved in the interaction between
ultraviolet or visible light and polymers is fundamental to studies of
polymer photodegradation.33 Primary processes involved on absorption
of a photon by a molecule are discussed in Chapter 2, Effects of
irradiation at suitable wavelengths on polymers containing chromophores,
such as the carbonyl group, may be considered in terms of fundamental
photochemical reactions of the chromophores, Two fundamental photo-
chemical reactions of simple aliphatic ketones are a-cleavage and

yv-hydrogen transfer (Chapter 2, section 2,5), Products from the
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photolytic degradation of poly(methyl vinyl ketone) may be explained by
such reactions occurring in the polymer.34

Amongst many studies of the destructive effects of ultraviolet light
on polymers ére those of Stephenson3% who has studied the effectiveness
of ultraviolet light in producing scission, crosslinking, and degradation
of physical propertiés in polymers including nylon, poly(ethylene
terephthalate), polyethylene, teflon and ac?ilan. Decomposition products
have been identified and mechanisms discussed. Free radicals producéd by
rupture of a chain may recombine, giving no net result, or may combine
with some other radical or reactant resulting in scission, Free radicals
formed on adjacent sites of different molecular chains by C-H bond
rupture may combine to form a crosslink or may combine with mobile species
preventing crosslinking. A typical proposed3sc mechanism is that for
the photolysis of poly(ethylene terephthalate), shown below (1,6).

Kinetic expressions have been derived for chain scission and cross-
linking associated with photodegradation, and applied to polymers such as
poly(a-methyls_tyrene).36 In general, polymers producing high monomer
yields on pyrolysis also do so on photolysis at elevated temperature, an
example being the photodegradation of poly(methyl methacrylate).37

Polymers may lose pendant groups on photolysis, poly(vinyl chloride)
losing HC]l on exposure to ultraviolet irradiation (or heat).33’38

Processes occurring on photolysis of polymers may also be a result
of indirect reactions resulting from excitations and free radical
formation involving materials 'foreign' to the polymer} Important

examples are impurities incorporated during the synthesis of polymers,

and the effect of atmospheric oxygen, Photooxidation mechanisms are
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-@—c ~0-CH, -cu -0-C 4‘@ (1.6)

hv

0
{
+ .C-O-CHZ-CHZ- etc .-_—* Cco + .O-CHZ-CHZ- etc
H '
+ .O-CHZ-CHZ- etc — HO-CHZ-CH2- etc
_H :
+ .CHZ-CHZ- etc — H3C-CH2- etc
+ JH 1hv
R -
1 .CH3 + .CH2 etc
y E

discussed in Chapter 2. Oxygen may act as an accelerator (polystyrene),
or an inhibitor (poly(methyl methacrylate)) towards chain scission, or
may be without influence.33

Vinyl polymers are thought to degrade in sunlight, owing to the
presence of small amounts of impurities which absorb light and initiate
oxidative chain reactions within the polymer.39 In the oxidation process,

compounds containing peroxy and keto groups are formed which absorb in

the long wavelength region and accelerate breakdown of polymer chains,
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In general terms, decomposition of hydroperoxide groups on polymer chain
backbones is probably responsible for the greatest amount of polymer chain

scission occurring in oxidative degradation reactions.3

R R R R
NCH2(|3-CH2-(I:-CH2 ~ 4 o~ CHZC':-C s + ﬁ-cuz~+ HO.
H 00H H 0
1.4 wmwa

The requirements for production of a high molecular weight polymer
by a step-growth mechanism are comparable with those for obtaining a
pure product, in almost quantitative yield, in synthetic organic
chemistry, Maximum molecular weight can only be expected where conditions
favour the most efficient reaction of the functional groups involved,

A simple equation de;ived by Carothers relates the degree of
polymerization to the extent of reaction, For reaction of a pair of
monomers each containing two functional groups of the same type (A-A

and B-B), the polymerization may be represented by equation(l,7),
nA-A + nB-B 4 A-AEB-B—A-A};:IB—B (1.7)

Carothers' equation states that the degree of polymerization

(D.P. = the average number of repeating units per chain) is related to

the reaction conversion, p, of either functional group, by the expression:
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Some corresponding D.P.'s and reaction conversions are shown in Table 1,3,

TABLE 1.3

D.P.'s as a function of reaction conversion

(derived from Carothers' equation)

Reaction Conversion BTF.
50%
75% 4
80%
90% 1 10 i
95% 20
98% 50
99% 100

An equivalent expression applies to self-condensation of a single
monomer of the type A-B containing two dissimilar reactive functional
groups,

As can be‘seen from the table high reaction conversions are necessary
to achieve even moderate D.P.'s of around 20. In addition, to attain
such D.P.'s the condensation process must be free of side reactions
preventing the attainment of theoretical yields by consumption of
functional groups without producing intermolecular linkages. In
polymerizations of the A~A+B-B type, an exact equivalence of functional
groups is necessary to attain high molecular weights, For a reaction
conversion of 98%, the presence of only 1% monofunctional impurity is

sufficient to reduce the expected D,P, from 50 to ca. 34.3 Consequently
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monomers must be available in states of high purity to aid attainment

of functional group equivalence and avoidance of undesirable side-
reactions, Essentially, therefore, to obtain high molécular weight
polymers the step-growth polymerization reactions must occur in virtually
quantitative conversions to a unique product,

In view of the rigorous requirements for successful step-growth
polymerization, the resulting polymers, particularly from reactions of
the A-A + B-B type, are products of finite molecular weight with at
least a few unreacted functional groups at the ends of the linear
molecules,

Where monomers containing more than two reactive functional groups

are present, crosslinking may occur to give network polymers of much

greater D,P.'s,



A REVIEW OF KNOWN STEP-GROWTH PHOTOPOLYMERIZATIONS
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1.5 Four-centre Typa Photopolymerization in the Solid State

Over the past few years a number of polymers have been prepared
involving a four-centre type solid~state photopolymerization, To date ,
the major contributionsto this area of research have been due to Hasegawa
and co-workers, and a brief review covering the earlier stages of the

. 40
work has been published,

The basic coupling reaction involved is the four-centre cycloaddition

of C=C double bonds giving a cyclobutane type ring, (1,8).

|+ ﬁ > l | (1.8)

/ N\ A\ | |
Investigations have been based on the extension of such photodimerizations
to solid-state photopolymerizations of compounds having two dimerizable
olefinic units per molecule, The resulting polymersbhave the common
structural feature of recurring cyclobutane units in the main chain,

most polymerizationsbeing represented by the equation (1.9),

[ Y 2 ] Y
7
\/ B x4 cu=c
c Nz
Y Y hv Y\
>:=cn—x-cu=c =5 Sesnx ¢
Z z Z H c><_<
i Z,Y J nl

(1.9)

In 1958, Koelsch repor(:edl’1 that 2,5-distyrylpyrazine (DSP) was

converted, in the solid state, into a colourless infusible polymer on

exposure to ultraviolet irradiation for a few hours., This polymerization
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was also observed by Hasegawa, and in a more detailed investigation a

linear high molecular weight polymer with recurring cyclobutane units in

the main chain was obtained (1.10).42

@-cu=cu@cu=cu-@ 1N

/@ roee(0)
N
CH
(Oyeva{ Oyt
-CH=CH ~CH CH
o
- ~  (1.10)

Investigation of the scope of this type of reaction has resulted in the
production of a range of polymers, Monomers so far successfully
photopolymerized are listed in Table 1,4, together with accompanying data
on the resulting polymers, Photodimerizations on which photopolymerizations
have been modelled include those of Z-styrylpyridine,43 cinnamic acid

45

derivatives44 and ethyl 2-methoxybenzylidene cyanoacetate,. Monomers

yielding oligomers only are listed in Table 1.5.
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TABLE 1.5

Four-Centre Type Photopolymerization in the Solid State of Phenylene

24,

Diacrylic Acid Derivatives, ROCCH=CH-Ar-CH=CHCOR, yieldingroligomers.48

Monomer Oligomer
Yield ElementalgAnalysis Melting Point
Ar R 7 /o OC
° Calculated Found
62,61 C 62,46
p~C_H OC_H,NO 89 3.51 H 3.32 310-320
64 6472 6.09 N 5.97
66.05 C 67.62
m-C6H4 OH ~ 100 4.62 H 5.33 230-260
68.28 C 67.40
m-CgH, | OCH, ~ 100 5.73 H 5.68 85-95
-C_H OCH,C H_ * - - -
P64 2765
a
p—C6H4 0C6H4CH3 - - -
a
p-CgH, | OC,Hg - - -
a
p-CcH, | NHC Hg - - -
a
m-CeH, | OCgMs - - -
Note a, These monomers showed spectral change on irradiation

(KBr pellet method).
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(a) Preparation and Characterization of Polymers

Polymers were obtained by dispersion of the crystalline monomer
in an inert medium such as cyclohexane, petroleum ether, or water-alcohol
mixtures, and irradiation with, for example,46 100-W high pressure
mercury lamps or 500-W xenon lamps, Attempts to photopolymerize the
monomers in the molten state, e.g. p-phenylene diacrylic acid (p-PDA)
ethyl ester, or in solution, e.g. dicyano-p-benzenediacrylic acid (p-CBA)
ethyl ester, were largely unsuccessful with, respectively, virtually
complete recovery of starting material48 or for solution reactions,
formation of monomer-solvent adducts or isomerization of starting material.49
However, amorphous oligomer was obtained from irradiation () > 380 nm) of
DSP in chloroform.52

Suitable selection of the dispersion medium allowed some control
over polymerizaﬁion. DSP dissolves slightly in cyclohexane with
resulting absorption of light by dissolved DSP, and a decrease in the rate
of solid-state photopolymerization compared to use of a water-methanol
dispersion medium in which DSP is entirely 1nsolub1e.53

Direct exposure of layers of crystals of dibenzylidenebenzenedi-
acetonitriles was sufficlent for their polymerization.51

Standard procedures were used in the characterization of the polymers.
Elemental analyses (Table 1,4) of polymers were in the same region as
monomer analyses, Changes in infrared spectra on photopolymerization
were consistent with those expected for the postulated course of reaction,
Thus the absqrption peak in the 1640-1600 cm-1 region (C=C stretch),

prominent in monomer sSpectra, disappeared on irradiation. A weak peak

at ca, 930 cm-l in poly DSP and poly(1l,4-bis[B-pyridyl-(2)-vinyl]benzene),
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(poly P2VB) has been assigned to a vibration of the cyclobutane units.s4

Other changes such as disappearance of an absorption peak at 1000-970 cm

indicative of trans CH=CH bonding in monomer, and shift of the carbonyl

group absorption to higher frequency in p-PDA ester polymerization,48

were also consistent with the proposed reaction, Infrared analysis of

the polymerization was aided by direct irradiation of a few milligrams
48

of monomer dispersed in a potassium bromide pellet,

N.m,r., evidence for the presence of cyclobutane units in the main

chains of polymers included a broad band at 5.,0-5.16 in the n.m.r. spectra

of poly DSP and poly P2VB, characteristic of protons bonded to 1,2,3,4-
tetraarylated cyclobutane rings.55 Satisfactory assignment of other
proton absorptions and satisfactory integrations have been recorded.

Chemical evidence for polymer structures included the failure of
poly DSP to be brominated under conditions appropriate for bromination
of DSP.46

The high molecular weight polymers were high melting,crystalline
solids although slight decomposition to monomers was observed_below the
melting point, attributable to pyrolytic degradation of the cyclobutane
residues.46 The highly crystalline polymers were only soluble in strong
acid solvents such as concentrated sulphuric, trifluoroacetic or
dichloroacetic acids, where the polymers exist in the salt form.46’49

Lower molecular weight amorphous polymers were at least partially

soluble in ordinary organic solvents,

1

3
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(b) Polymerization Mechanism

Kinetic studies were consistent with a step-growth polymerization
mechanism, A detailed study on DSP photopolymerization showed that the
reduced viséosity at first increased gradually with increasing conversion,
Above 80% conversion, reduced viscosity increased sharply and continued
to rise on irradiation even after consumption of monomer was complete.53
The molecular weight of the polymer at low conversion had a wide
distribution, Polymerization proceeded only during irradiation, reaction
rate increasing with light intensity, and crystalline DSP did not
polymerize under the action of free radical initiators such as benzayl
peroxide.53 The kinetic polymerizétion behaviour of other polymers under
consideration was close enough to the DSP example to indicate a similar
mechanism although polymerization rate and polymer yield varied from
monomer to monomer.l“s’49

DSP, P2VB and p-PDA dimethyl ester could be converted quantitatively
into highly crystalline oligomers (ca, pentamers) on irradiation at the

long-wavelength edge of absorption of the monomer.sz’56

Oligomer

formation rendered the molecules so produced transparent to the initial
irradiation but reirradiation at a shorter wavelength resulted in
quantitative conversion of oligomers into crystalline, high molecular
weight polymers identical to those obtained on direct photopolymerization
to high polymer, Quantum yields for oligomerization and polymerization of
DSP and p-PDA dimethyl ester were between 1 and 2 (in terms of number of
olefinic double bonds consumed to form the cyclobutane ring), These

results indicate two kinds of separable, step-growth addition mechanisms

represented by an overall reaction scheme (1.11).
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(1) A —8>5 A

(k1) A+ A 4 B {A represents monomer molecule ]

(iii) A + B 5 B
[B represents molecules containing
cyclobutane rings]

(iv) B —= B

(v) B + B 4 B (1.11)

Irradiation at the long-wavelength edge of absorption of A (hvl)
results only in excitation of A [interruption of n~electron conjugation
leaves B transparent to such irradiation and therefore in the ground
state]. Oligomer formation thus occurs converting A into B through steps
(ii) and (iii), Excitation of B (iv) results in prdduction of high
polymer through a growth reaction of the terminal group in the growing
chain (v), |

Initial exposure to light exciting both A and B results in
oligomerization and polymerization through steps (1) to (v) and also
allows a A + B* -+ B reaction,

p-CBA n-propyl ester could be similarly photooligomerized and
photopolymerized.57

Although scale-like or sword-like crystals of DSP readily
photopolymerized, needle-like crystals of DSP did not polymerize.53’58
X-ray crystallographic studies showed a simple relationship between the
crystal units of photopolymerizable crystalline monomer and polymer
crystals.59 The monomer crystal in which DSP molecules are suitably

arranged for polymerization changes into a three dimensionally orientated
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polymer crystal, amd both polymer and monomer possess the same space group,
Crystal axes of the polymer agree in direction with those of monomer,
crystal chains extending along the 'C' axis, The relative position and
orientation of the reactive double bonds are favourable for cyclobutane
formation.Go It was concluded that the photopolymérization was a topo-
chemical polymerization, three-dimensionally controlled by the crystal
structure of the monomer,

: Further evidence for a topochemical process lies in the change in
denéity during polymérization of the p~CBA series mo'nomers.49 Where the
density change was found to be smallest (p-CBA n-propyl ester, isopropyl
ester and ethyl ester) polymers of highest molecular weight were formed,
implying the moleculés were favourably aligned in the monomer crystal
to polymerize with least atomic or molecular movement,

The topochemical character of the reaction is an explanation of the
failure of some monomers to polymerize, X-ray analysis of DSP and P2VB
yielded nearly identical powder diagrams in terms of diffraction angles
and intensities, In contrast 1,4-bis[B-pyridyl-(3)-vinyl]benzene (P3VB)
and 1,4-bis[B-pyridyl-(4)-vinyl]benzene (P4VB) yielded different powder

8,60

diagramg and did not photopolymerize5 under conditions suitable for

P2VB photopolymerization,

@C}FCH—@-CIFCHQ @CH=CH-@CH=CH-@

P3VB P4VB
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It has been suggested that non-polymerizable monomers may
polymerize in other crystal modifications.46 Recrystallization of a,a'-
dicyano-p-benzenediacrylic acid, n-propyl ester oligomer57 or DSP
oligomer52 yielded non-polymerizable oligomers with crystal structures
different from the oligomers as polymerized.

Also consistent with a lattice-controlled topochemical reaction is
the fact that polymerization proceeded most readily and yielded the
highest, most crystalline polymers at temperatures far below the melting

53,48,61

point of the monomer, For example,with DSP photopolymerization at

0
temperatures greater than 0 C, there was a marked decrease in reduced

. . . . 53
viscosity as the polymerization temperature increased.

(c) Stereochemistry of Polymers

There is conflicting evidence over the stereochemistry of the
polymers, Originally the absolute configuration, including the
distinction between head-to-head and head-~to-tail structures, of polymers
such as poly DSP was not established.46 However monomers possessed a
trans-trans orientation and polymerization of the p-PDA series of
monomers with minimum of atomic or molecular movements indicated the
trans-tmns orientation must be kept in the polymer, Formation of a five-
membered cyclic anhydride from poly p-PDA indicated a probable head-to-
head structure48 (1) whilst the hydrolysed polymer from poly p-PDA
phenyl ester appeared to give a six-membered cyclic anhydride indicative
of a likely head-to-tail structure (2).

Crystallographic evidence suggested a 1,3-trans configuration (3)
as most probable for poly DSP, and was supported by the polymer crystal
space group Pbca requliring the centre of symmetry to be at the centre of

the cyclobutane ring.61
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COR
COR

COR

o
(@]
)

(1) (2)

(3)

However this was inconsistent with earlier presumptions based on the
hydrodynamic behaviour of solubilized pol&mer suggesting a randomly kinked

polymer chain with 1,2- or 1,3-cis configuration.62

(d) Other Data Obtained on poly DSP

Thermal behaviour, dynamic viscoelastic behaviour and electrical

properties of poly-DSP have been studied.63

(e) Depolymerization

DSP oligomer in chloroform depolymerized to monomer on irradiation at

340 nm,52 and p-CBA n-propyl ester oligomer in 95% ethanol depolymerized

to monomer on irradiation at 224 nm.57
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1.6 Photocycloaddition Polymerization of N,N'-Polymethylenebismaleimides

Investigations on the photopolymerization of N,N'-polymethylenebis~

84,65

maleimide are based on established photodimerizations of

maleimides.66 (1.12)

R' '
e e v _c?’
yd AN
ZR—N/ | :zi S RN N-R (1. 12)
\C \ sens Zer \C R' R' C/
o? R! 7 N

[R=H, R' =Me; R = Ph, R' = H; R = CH ,, R' = H]

In considering the extension of the solution photochemistry of N=-
substituted maleimides to N,N'-plymethylenebismaleimides, 3 feasible
reaction paths (1,13) were envisaged, namely photocyclomerization (path
a), photopolymerization to linear polymer (path b) and production of
insoluble cross-linked polymer involving vinyl type polymerization67
(path c),

Prior68 and subsequent31 investigations on the photochemistry of a
range of N,N'-polymethylenebigmaleimides (R =H) indicates that
photocyclomerization occurs when n = 3~7, but the amount of photocyclo-
merization reduces dramatically for n > 7 and is replaced by formation
of largely insoluble material presumably due to crosslinking. Selection
of suitably substituted polymethylenebismaleimides has resulted in the
formation of some high linear polymers by repeated 2n + 2n photocyclo-
addition. Both sensitized64 and unsensitized65 polymerizations have

been performed,
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0
f
R / R a
N-(CH,)) -
R 2'n R
o
b
c
v
o I % ,o 0
Ingoluble cross- ., R \ / /k )
linked polymer &——  a (CHZ) -N N (CH,) -N
R n 2’n
J /
o L 0 0 ' 0
(1,13)

Benzophenone-sensitized solution phase photopolymerization of
N,N'-polymethylenebisdichloromaleimides has resulted in a rangeof polymers,
some data for which is shown in Table 1.6. Selected data on unsensitized

photopolymerization of substituted N,N'-polymethylenebismaleimides is given

in Table .l1,7,

(a) Preparation and Characterization of Polymers

Dichloromethane solutions of monomer and benzophenone sensitizer,
where appropriate, contained in stoppered Pyrex reaction vessels were
irradiated in the 350 nm region, High monomer purity necessitated
purification by column chromatography and solutions for irradiation were

first streamed with nitrogen or argon, After irradiation, products were
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either recovered by precipitation into methanol, filtering and drying,65
or by removal of precipitated polymer during irradiation (polymers with
an even number of methylene units in the’repeating unit tended to
precipitate out during irradiation) and solvent evaporation together
with Soxhlet extraction of benzophenone.64

Generally complete polymer solubility in one or several common
organic solvents such as chloroform, dichloromethane or N,N-dimethyl-
formamide was consistent with formation of linear polymers (reaction
path 1.13b), polymers with an odd number of methylene units in the
repeating unit being the more soluble,

Elemental analyses were in excellent agreement with calculated
analyses and infrared spectra of the polymers exhibitéd characteristically
broad bands with the C=C absorption of the monomer (A~ 1600 cm-l) absent
in the polymer spectra. N.m.r, epecﬁra of polymers from the unsensitized
photopolymerizations showed singlets characteristic of cyclobutane ring
protons, Polymer from N,N'-undecamethylenebisbromomaleimide showed
singlets at 4,36 (endo configuration) and 3,986 (exo configuration),
integration revealing an endo/exo ratio of 0,22,

Molecular weight data (Table 1.6, 1.7) indicated particularly high
polymers from N,N'-nonamethylenebisdichloromaleimide, N,N'-undecamethyl-
enebisdichloromaleimide and N,N'-undecamethylenebisdimethylmaleimide.
Thermal analysis data on poly-N,N'-polymethylenebisdichloromaleimides
indicated thermal stability (thermo-gravimetric analysis under nitrogen)

to be independent of D.P., whilst melting ranges varied with D.,P.'s,
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(b) Mechanism and Kinetics of Photopolymerization

Both unsensitized and benzophenone sensitized photopoly-
merizations of the polymethylenebismaleimides proceed via the triplet
manifold of excited maleimide unit, The step-growth.nature of the
polymerization has been verified by studies on the growth characteristics
of the polymerization,

30,65,69

The following reaction scheme (1.14) has been proposed,

where A represents the chromophore of the bichromophoric system A-A

Excitation from singlet ground state

(1) a° . Al to lst excited singlet state
1 kds o
(ii) A5 — A Singlet deactivation
k ,
(iii) Al —figgé A3 Intersystem Crossing
k
(iv) Al +4° 55 polymer P Addition from singlet manifold
( 3 kdt o
v) AT ~— A . Triplet deactivation
_ k
(vi) vA3 + a° —Lty polymer P' Addition from triplet manifold.
(1.14)

krs is zero for triplet only polymerization,

Application of the steady state approximation then leads to a rate

of polymerization (1,15):

o
_ dfA] _ dp' _ krt[A ]¢iscIo (1.15)

dt dt o
kdt + krt[A ]

where ¢isc = quantum efficiency of intersystem crossing

I = 1incident light intensity (assuming complete
| ° light absorption),
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Integration leads to the expression (1,.16) and (1.17),

k .
dt 1 o -
E;; In 1-p + pla ]initial Io ¢isc(t-to) (1.16)
k x -1
dt - n o] _ _
k__ In %7 X - [A ]initial - qubisc(t to) (1.17)
rt n .
where p = degree of conversion
x = (=D,P.) = L
n 1l-p

Monitoring of the change in optical density (and hence monomer
concentration) as a function of time,and also monitoring of the D.P. as
a function of time has shown the validity of the expressions (1,15, 1.16

and 1,17) for bismaleimide photopolymerization. If k__ >>k the

rt dt’

photopolymerization should obey zero order kinetics as in the case of

N,N'-polymethylenebisdimethylmaleimide. For kr <g:kdt,the photo-

t
polymerization should be first order in monomer concentration as a
function of time, as with N,N'-polymethylenebisbromomaleimides.
Intermediate kinetics have been found for N,N'-polymethylenebisdichloro-
maleimides (krt A‘kdt).Gg
For photopolymerization of N,N'-undecamethylenebisdimethylmaleimide,
plots of intrinsic viscosity and number average molecular weight against
degree of conversion have been shown to be nearly identical hyperbolas

(Figure 1.3) indicating a near linear relationship between intrinsic

viscosity and number average molecular weight,
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FIGURE 1,3

Dependence of intrinsic viscosity and number average molecular weight

on degree of conversion in photopolymerization of N,N'-undecamethyl-

enebisdimethylmaleimide
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(c) Solid-state Photopolymerization

Some N,N'-polymethylenebismaleimides containing three methylene
link units (including -bisdichloro- and -bisdimethyl- maleimides) are
also photopolymerizable in the solid state, the reaction being lattice
controlled.69 More than three methylene liﬁk unité have been shown to
render polymethylenebisdichloromaleimides non-photopolymerizable owing

to a change in molecular packing in the crystals,

1.7 Photopolymerization of Biscoumarins

Coumarins may be photodimerized in solution, an example being
benzophenone sensitized triplet photodimerization of 7-acetoxycoumarin

(1.18).7°

0 0 (95% head-to-head
exo).

Extension of this reaction to biscoumarin369 has yielded polymers
according to the equation (1,19),

Some data for polymers obtained is given in Table 1,8,



R' R'
0 0
ORI
0/ 0 0-C —(—CHZ) -C-0
g
hV N
v 4 (CH,) -C=0
Ph2C0 2'n R' R (:)
0.
- 0 0
TABLE 1,8

Photopolymerization of Biscoumarins (R' = Me)

?
aO=—0

n Intrinsic Viscosity - T
in CHC1
3
7 0.3 -
8 0.4 -
10 0.3 -
11 0.4 -
12 0.5 22,000

The linkage has been assumed to be head-to-head as with the

70

7-acetoxycoumarin photodimer,

41,

(1.19)

In contrast,direct irradiation of the polymethylenedicarboxylic

acid (7-coumarinyl) diesters (R' = H) where n = 4-7 yielded cyclomers 70

(4) and (5).
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Direct irradiation of solutions of 7,7'-polymethylenedioxycoumarins,
70

Rz .4
R
1
R R3
A h
24
o Oten,) -0 o —

0

as below, also gave cyclomers (equation 1,20),

+ head-to-tail isomer, (1.20)
LN U O S
2-11 H H H H
4 H H H Me
H Me H Me

head-to-head
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A small amount of intermolecular reaction also occurred, the
quantity of oligomeric material obtained increasing with increasing
solution concentration,

However polymeré could be obtained on benzophenone sensitized
irradiation of higher (n = 10,11) 7,7'-polymethylenedioxycoumarins.

Intrinsic viscosities of 0.25 (n = 10) and 0.38 (n = 11) in chloroform,

at 25°C,are reported[70 N.m,r, evidence indicated an anti configuration

for the latter polymer,

1.8 Synthesis of Polyimides by Photoaddition of Bismaleimides to Bengene

and Alkylbenzenes

Maleimide and N-substituted maleimides readily form 2:1 photoadducts

with benzene (1.21).71

N~

0 J\
|
hv
@+2 -k —
I:
0

(1.21)

A similar reaction occurs with alkylbenzenes.72 Reaction is thought
to involve 2+2 cycloaddition of photoexcited maleimide to benzene (or

alkylbenzene) giving an intermediate homoannular diene (6)



guls

(6)

followed by Diels-Alder addition with a second maleimide molecule giving

the 2:1 adduct. |
This reaction has been extended to photopolyﬁerization involving the

synthesis of polyimides by photoaddition of bismaleimides to benzene73

and alkylbenzenes74 (1.22),

0 0
1 R
R . 2 hy 1IN A~ . 2
+ -R - — -R°-
™
0 o _
(1.22)
- O 0 -
2 2 + head-to~head
—_—) - N-R™ — and tail-to-tail
. ““{ structures
0
- -

Photoreaction is acetophenone sensitized. Data on monomers used,
irradiation times, ylelds and temperaturesof onset of decomposition are

recorded in Table 1,9,
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(a) Preparation and Characterization of Polymers

Mixtures of bismaleimide (0,02 mole), acetophenone (2.5 ml.),
acetone (to effect solubility) and benzene or alkylbenzene were
irradiated in Pyrex test tubes using a 450-W ultraviolet lamp, Polymers,
which precipitated out or were deposited on sides of the tubes, were
washed with acetone and dried.

Elemental analysis on a typical polymer (9, Table 1.9) was
satigfactory,

Polymers of the same basic structure could be prepared by an
alternative r0ute75 involving the reaction of maleic anhydride-benzene.

76,77

2:1 adducts with diamines (1.,23) or the reaction of the maleic

anhydride-alkylbenzene 2:1 adduct78 with diamines,

NH,RNH

i
hy /k 2"y
@ + 2 —X \K ~—~—2%3 Polymer
0

(1.23)

In general, agreement between the infrared sbéctra observed for
polymers prepared by either route was good, The only major discrepancies
were polymers (8 and 10, Table 1,9) where only gross structure of the
infrared spectra of corresponding polymers was the same, and more generally

1, 1085 cm_1 and 925 cm.1 in polymers

the presence of peaks at ca, 1850 cm
prepared by the anhydride-amine route, such absorptions being attributable
to unreacted amine or anhydride. These peaks were absent from the spectra

of polyimides prepared by the photoaddition polymerization.
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The n,m.r. spectrum of polymer (11, Table 1.9) showed symmetrical
doublets at 67,50-8,46 (aromatic protons), a broad singlet at 66,74
(vinyl protons) and multiplet structure at 62,90-4,00 (aliphatic protons).

Ultraviolet spectra in acetonitrile indicated both maleimide () max
221 nm) and homoannular diene (A max 257 nm) endgroups. .

Initial .decomposition temperatures were generélly around 400°C.
Differential thermal analysis showed further decompositioq around 500°C
and thermograms were comparable with those of corresponding polymers
obtained via the anhydride-amine route, Pyrolysis of polymer (7, Table
1.9) yielded benzene as a major decomposition product, attributable to
decyclization as with benzene-maleic anhydride photoadducts.76

Low polymer solubility in such solvents as N,N-dimethylformamide,
N,N-dimethylacetamide and trifluoroacetic acid suggested that cross-
linking occurred during irradiation. Polymers from alkylbenzene were
less soluble than polymers from benzene and crosslinking by copolymerization
of bismaleimide with the alkene resulting from photoaddition could be
enhanced by alkyl substitution, The high solubility of polymer (11,

Table 1,9) may be due to the influence of the strongly electron-with-
drawing sulphone group. Polyimides prepared by the anhydride-amine route
were soluble 1In such solvents as trifluoroacetic acid.

The position of the alkyl substituent in the polyimides was
uncertain but the most probable location is indicated in equation (1,22),
Bryce-Smith79 has shown that in the photosensitized addition of maleic
anhydride to methylbenzenes, structural isomers may be produced in ratios

dependent on the reaction temperature (1,24),
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CH 0
3
hv
+ 2 > (1.24)
o
20
1 2 1 2

R™ = Me; R- = H, 50%, R™ = H; R™ = Me, 50%,

This could imply the presence of a thermal activation step in the
reaction of a photochemically generated intermediate species, or a

temperature effect on equilibria involving precursor complexes in solution,

(b) Mechanism and Factors Affecting Yield

As stated earlier, reaction is thought to proceed via formation
of an intermediate homoannular diene, This intermediate may be trapped
with tetracyanoethylene in maleimide-benzene photoaddition.so Photo-
additionsof N-gubstituted maleimides to benzene involve n 4 n* transitions

’ of maleimide which is largely complexed with benzéne.so Dipolar
intermediates are not thought to be involved in N-substituted maleimide
photoaddition, in contrast to maleic anhydride photoaddition to benzene

where Zwitterionic intermediates (12) are postulated.80

(12)
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Trifluoroacetic acid is virtually without effect on the phdtoaddition
of N-butylmaleimide to benzene, consistent with the conclusions that
dipolar intermediates are not involved.here.81
Yields in the alkylbenzene series were related to a balance between

steric and inductive effects, Reactivity due to steric effects should be

in the order
Me > Et > Isopropyl > t-Butyl

Inductive effects should operate in the reverse direction owing to tﬁe
electrophilic nature of the maleimide double bond.

In the case of bismaleimides linked via benzene rings, substituents
ortho to the nitrogen should promote adduct formation by preventing
coplanarity of the benzene ring and maleimide, It is thought that
coplanarity allows the existence of low-lying excited states with
consequent quenching of the required reactive excited intermediate,

Unexpectedly high yields from the bismaleimide incorporating a
gulphone group could have been due to the strong electron-attracting
effect of the group and, in the case of its photoaddition to alkylbenzenes,

it has been alternatively suggested74

that reaction may proceed via an
excited charge~transfer complex rather than through a homoannular diene
intermediate,

Intramolecular cyclization of polymethylenebismaleimides may account
for a decrease in polymer yield with the bismaleimides containing longer

methylene chains., No intermolecular 2+2 cycloaddition has been detected

(cf. section 1.6),
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1.9 Photopolymerization of Bisanthracenes

Anthracene undergoes photodimerization at the 9,10 positions (1.25) via
a singlet excited manifold of one of the anthracene molecules, The
central anthracene rings lose their aromaticity and planarity whilst
the outer rings are bent outwards from their original molecular planes

by electrostatic repulsion.82

(1.25)

Extension of the reaction to bisanthracenes has resulted in the

synthesis of several polymers (1.26).‘83

OO

(1.26)
hv

O0©

Two series of polymers have been prepared, diesters derived from

a, y-aliphatic diacid chlorides + 9-hydroxymethylanthracenes (AMADE, R =

-CHZ-O-ﬁ-GCHz)n-ﬁ-O-CHZ-), and diesters derived from 9-anthroylchloride
0

and an a, waliphatic diol (AADE, R = -F-O-4CH2)H-O-@-).
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9,9'~Linked bisanthracenes may also intramolecularly photocyclize

(1.27) if the number of bonds in the link does not exceed three.32

R dvy ‘I | (1.27)
@)= -

Examples include bisanthracenes with 9,9' links where R = 0-?-0,

-NH-ﬁ and -N=N-.84

(o]
Preparation and Characterigation of Polymers

Dichloromethane solutions of the monomers contained in Pyrex vessels
were irradiated at 350 nm and the resulting polymers precipitated in
acetone, ﬁata on the polymerizations and polymers is given in Table 1,10,
Only limited molecular weights have been obtained for polymers of the
AMADE series, Any initial head-to-head addition leads to increased
steric hindrance for addition of the next monomer,

In the AMADE series of photopolymerizations, the 1,5-sigmatropic
shift of a methylene proton to the 10 position may occur as a reaction
competing with polymerization, Such a shift has been observed with

6-methylpentacene (1.28).85
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TABLE 1,10

Photopolymerization of Bisanthracene383

Monomer, M Polymerization Polymer Properties
Series n mole[?ltre- ii;:d%;zzgn ﬁ: [2153223
AMADE 4 0.1 69 6,800 -
AMADE 5 0.2 48 6,400 0.11
AMADE 6 0.2 48 4,500 0.11
AMADE 7 0.2 48 6,000 0.14
AMADE 7 0.2 | 48 12,000 0.37
AMADE 8 0.2 48 11,600 0.25
AADE 9 0.2 24 - 0.88
AADE 10 0.2 24 - 0.61
AADE 11 0.2 41 52,000 1.3
AADE 12 - 0.2 24 28,000 0.68

CH,
s EOLBE o
H,

This reaction would obviously limit polymer molecular weights, 1if
competitive with the polymerization, Higher molecular weights were
obtained for polymers of the AADE series where such a shift was not

possible,
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It was necessary to exclude oxygen during polymerization, since
endoperoxide formation by cycloaddition of oxygen at tﬁe 9, 10 anthracene
positions could occur,

Polymers were generally soluble in halogenated solvents such as
dichloromethane or chloroform,

Infrared and n,m,r. apéctra of the polymers were consistent with the
proposed structures, comparison being made with dimers of the model
compounds 9-anthrylmethylacetate and 9-methylanthroylate, The infrared
spectra (AMADE series) showed splitting of the 1450 cm-1 band (C-H
bending at 10 position) into two bands at 1450 and 1470 cm-l. The C=C
stretch (1650 cm-l) disappeared. ' Tertiary bridgehead protons in the
n.m,r, spectra were observed at 3,76 and 4.26 for AMADE polymers, and at
5,86 for AADE polymers,

013 analysis of dimer bridgehead protons indicaﬁed that only a head-
to-tail dimer was formed from 9-methylanthroylate, N.m.r, study on the
model dimer from 9-anthryimethylacetate indicated th;t head~to-tail and
head-to~head cycloadducts were formed in a ratio 4:1,

Polymers could be thermally or photochemically () « 300 nm) degraded
back to monomers in an analogous manner to cleavage of anthracene

photodimer,

1.10 Reductive Coupling of Aromatic Diketones to Polybenzopinacols

The photoreductive coupling of benzophenone in ethan0186 or

1sopropan01§7 (1.29) 18 a well established reaction,
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H
CH
2@-0—.@ + 3>CH0H -ﬂ)< ? > (1.29)
| CH
0

Benzopinacol

. * .
Reaction occurs by n.9p n excitation of benzophenone carbonyl followed by

reduction and coupling of the resultant ketyl radicals. With benzophenone

and isopropanol, the yield is quantitative88 and reaction processes may

be represented by the reaction sequence (1.30).

oo = [ele

0 *
el - = :
C + cuou - @-C—@ + cu -c CH,
cu
clm (I)H <|)u
OO - (@D
2 2
I I N I
CHy-C-CHj + @-l-@ + CH,CCH, + @_ g-@

A detailed discussion of this photoreduction reaction may be found

in Chapter 2,
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Photoreductive coupling has been exténded to the photopolymerizétion

of benzophenone-type aromatic diketones iato polybenzopinacrols (1.3].).89-92
0 0 l‘ OH OH
Ar|(|:Ar'|(|:Ar By > l,_ Ar'—(I: (1.31)
n isopropanol/ [ ' ’
cosolvent i
Ar r n

Polymers have béen prepared from a variety of monomers and under
various experimental conditions. Data on the monomers used,
polymerization techniques and the resulting polymers may be found in

Table 1,11,

(a) Discussion

De Schryver and co-workers92 have obtained fairly high molecular
weight polybenzopinacols by irradiation of degassed isopropanol-
dichloromethane solutions of bisbenzophenones at 350 nm (preparative
method G, Table 1,11), D.P.'s ranged from 23 to 70, Earlier work by
Higgins and co—worker390 on m- and p-dibenzoylbenzenes and 4,4'-dibenzoyl-
diphenyl ether (preparative method A), and by Pearson and Thiemann89 on
p-dibenzoylbenzene (preparative methods D-F) gave only low molecular
weight oligomers, Modi_fications91 (preparative methods B,C) of Higgins
original procedure using an open system under a stream of nitrogen
rather than a closed vessel under a nitrogen atmosphere,and shorter
irradiation times gave a significantly higher polymer from 4,4'-dibenzoyl-~
diphenyl ether. Polymers from 4,4'-dibenzoyldiphenyl sulphide,
4,4'-dibenzoyldiphenyl-methane and -ethane were also obtained by the
modified procedures B,C, but m- and p-dibenzoylbenzenes and 4,4'-

dibenzoyldiphenyl failed to give polymers.
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Higgins showed that use of a 450-W lamp with Pyrex filter instead
of a 100-W long wavelength lamp allowed much shorter irradiation times
but produced polymers of lower inherent viacosity.91 The correspondingly
lower moleculﬁr weight polymers may have been a result of cleavage of
C-C bonds with the higher intensity irradiation.91
The reported failure of m- and p-dibenzoylbenzenes and 4,4'-
dibenzqﬂdiﬁhenyl to form good polymers has been attributed91 to a
bathochromic shift of the = n* absorption in going from benzophenone
to these diketones, resulting in overlap with the n 4 m* absorptions and
lack of efficient hydrogen abstraction from the low-lying =, n* triplet,
High polymers showed no carbonyl absorptions (~ 1650 cm-l)'in their
infrared spectra but low molecular weight polypinacols showed considerable

residual carbonyl stretch, which may be attributablego to unreacted

monomer or to such structures as (13),

yoe -

OH OH ?H
—C

0
u | |
@— —Ar—C — C—ar

— H

1-2

(13)

Strong broad bands centred around 3500 cm"1 were characterigtic of
the tertiary OH groups in the polypinacols, Higginsgl prepared model
pinacols by photocoupling of p-benzoyldiphenyl ether and p-benzoyldi-
phenylethane, and by coupling of p-benzofldiphenylmethane with magnesium

and iodine.93 Infrared spectra of the resulting model pinacols and the
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corresponding polypinacols indicated the latter to be consistent with the
proposed structures, Infrared spectra of oligomers from m- and p-
dibenzoylbenzencs compared with the infrared spectrum of benzopinacol,

N.m,r. spectra of the oligomers from m- and p-dibenzoylbenzenes and
4,4'-dibenzoyldiphenyl ether90 showed a small peak at 5,36 corresponding
to benzhydryl protons, Subsequent polymers obtained by Higgin991 and
De Schryver92 showed no benzhydryl hydrogen in their n,m.r, spectra,
coupling occurring more readily, Higginsgl has suggested that in
preparative methods B, C,this may be a result of increased monomer
concentration compared to method A, and that weaker reducing solvents may
alsé yield higher molecular weight polymers.90

Pearson and Thiemann have studied the irradiation of p-dibgnzoyl-
benzene in isopropanol in some detail.89 Under 'normal' irradiation
conditions (preparative method D) a polymer comprising ca. 5 coupled
monomer units was obtained, The n.m,r. spectrum of this polymer exhibited
the following features: 61,3 (singlet CH3), 62,4 (broad singlet OH),
63.0 (broad singlet OH), 65.8 (v. weak, benzhydryl H), 67.8 (multiplet,
aromatic H). The n,m,r, signal at 65,8 indicated at least half the

polymer ends were capped with benzhydryl hydrogen (14),

X O h | ] (QJ X
-0 —“(?,)‘@-?*Ef\"@'%—@

(14) X=H
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Integratlon indicated that a few polymer chains terminated with
isopropyl alcohol groups (X = (CHJ)ZCOH) whilst the remainder of the
polymer was designated to be in cyclic form, More severe irradiation
conditions (preparative method E) yielded a polymer capped with almost
exclusively hydrogen, the n.m,r. signal at 65.8 being much stronger,
Milder irradiation conditions (preparative method F) yielded a cyclic
product with only aromatic (67-7.5) and OH (63.0) pfoton n.,m,r, signals,

Infrared spectra of these products from p-dibenzoylbenzene showed
the absence of carbonyl groups.89

Elemental analyses of polypinacols, where report:ed,sg-91 were
sometimes in only fair agreement with the required values,

89,94 and 4,4'-

During irradiations of m~ and p-dibenzoylbenzenes
dibenzoyldiphenylalkanes92 a yellow colour has been observed. Pearson89

has suggested this is due to the intermediate (15) in the case of

OH OH

©-+-O-

OO+
(15)

p-dibenzoylbenzene, Evidence is based on long wavelength abgorption at
416.4 nm, the nonradical nature of the intermediate (which showed no
E.S.R. signals) and its stability, However m-dibenzoylbenzene could not
form a quinone-dimethide structure, Further discussion on intermediates

may be found in Chapter 2,



63,

(b) Effect of Solvent Mixtures

Data has beén obtained for different solvent mixtures, Higgins
found a 50:50 mixture to be most satisfactory for benzene-isopropanol
irradiations, Increasing the proportion of isopropanol reduced monomer
solubility whilst decreasing the proportion of isopropanol necessitated
longer irradiation times.91 For polypinacols prepared by method A, neat
isopropanol, 50:50 THF-isopropanol and 50:50 benzene-ethanol were found
to give similar results to 50:50 benzene-isopropanol,90 De Schryver9
has shown that reaction rate depends on the nature of the cosolvent. For
0.05M solutions of 4,4'-dibenzoyldiphenylmethane at 32°C, relative rates

for a 1:5 molar ratio of isopropanol/cosolvent have been found to be,

chloroform 1, toluene 2,5 and benzene &,

(c) Pinacol-Pinacolone Rearrangement of Polymers

Polybenzopinacols from photocondensation of 4,4'-dibenzoyl-

diphenyl-methane, -ethane and ether have been rearranged95 in sulphuric

acid-dioxane solution to polybenzopinacolones (1.32).95

PO e— r -

IH OH o=
Ar C - Ar J: (.1.32)

L J _ _

N.m,r, evidence suggested that polymer chain migration was favoured

over phenyl migration,
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Further syntheses of polybenzopinacols and relevant discussion may

be found in Chapter 4.

1.11 Photoreductive Coupling of .Bisbenzal Imines

Irradiation of a series of benzaldehyde N-alkylimines (Ar-HC=NR)

96
in 95% ethanol yields dihydro photodimers,

H
Ar— C— NHR
= hy 3
Ar-HC=NR 95% ethanol” (1.33)
Ar— C—NHR
H

For Ar = phenyl, N-alkyl substituents include R = C6H11’ CHZPh,

t-Bu and CH3. Benzaldehyde imines with substituents in the aromatic
ring have also been photodimerized,

Excited states of the imines are not reactive intermediates, Ketyl
radicals appear to be the active reducing agents and may be derived from
carbonyl compounds present in the reaction mixture as an impurity, an
added sensitizer or as a photogenerated species.96

Thus with benzophenoﬁe sengitizer and alcohol solvents such as

isopropanol, the photodimerization may be represented by the reaction

sequence (1.34).
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* . s
PhZCO + (CH3)2CHOH - Ph2COH + (CH3)2C0H

Ph.COH + ArCH=NR -+ Ph.CO + ArCHNHR

2 2
‘ ' . (1.34)
(CH3)2C0H + ArCH=NR - CH,COCH, + ArCHNHR
Ar -CHNHR
2ArCHNHR -
Ar -CHNHR
. : , 97,98 , ,
Irradiation of bisimines has resulted in polymer formation by 'true
photopolymerization (1.35).
Ph-HC=N— CH,) -N=CH-Ph Teomer > ~CCH NH+CH2)X-NH-(|IH > (1.35)
(sensitizer)

Ph Ph

Thus irradiation of ethylenediamine-N,N'-dibenzylidene (x = 2) and
propylenediamine-N,N'-dibenzylidene (x = 3) in ethanol solution has been
reported to give polymeric products (although not characterized).97
Irradiation of such bisbenzal imines in isopropanol with benzophenone

sensitizer has been reported to give polymers98 according to equation

(1.35).

1.12 Synthesis of Poly(perfluoroalkylene Oxides)

Poly(perfluoroalkylene oxides) have been prepared by two photo-
polymerization routes.
The first route99 is based on an iodide coupling reaction under the
influence of ultraviolet radiation and in the presence of mercury.

Using such a reaction both primary and secondary perfluoroalkyl iodides
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have been coupled in high yield,lo0 an example being coupling of

perfluoropropyl iodide (1.36)

H
2CF.CF.CF. I —Tf-) CF,(CF ), CF

3

Extension of this coupling reaction to bis(2-iodotetrafluoroethyl)
ether has resulted in formation of a polymer with a fluorinated alkylene

oxide backbone (1.37).99

O(CF.CF. 1), —¥3 ~ CF ,CF

2CF1)y g CFZCFZO-)-n (1.37)

2

The second routelo1 is an extension of the photolysis of perfluoro-

acyl fluorides such as n-C3F COF leading priﬁarily to the formation of

7
polyfluoroalkanes (1.38).102
i
: hv
n-C,F.CF — n-C(F,, + (n-C,F,),CFOC,F, —+ CO + CO, + COF,  (1.38)
major
product

Irradiation of perfluoroglutaryl fluoride (PGF) had already been

observed102 to give a solid polymer (16), (1.39)

0 0

0 0
I |l I
FC(CF2)3CF_. FC[(CF2)3]nCF (1.39)

(16)

Subgequently, poly(perfluorotetramethyleneoxide) (17) was prepared

from perfluorooxydipropionyl fluoride (1.40),103
0 0 0 0?
| by H( | Il
FCCFZCFZOCFZCFZCF ———— FC CFZCFZOCFZCFZ)nCF + FCCF + COF2 + CO

FC-75

(7 (1.40)
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Other related perfluorocaeyl fluoride monomers have since been

photopolymerized.101

(a) Polymers Obtained from Iodine Coupling Reactions99

The polymers were prepared by sealing a mixture of O(CFZCFZI)Z’
mercury and a perfluorinated solvent in a quartz ampoule and irradiating
for 5-9 days with a 325-W medium pressure mefcury lamp. A black
precipitate indicated complete reaction. Separation of the fluorocarbon
solution and removal of solvent gave the polymer --(--CFZCFZOCFZCF2 43.
Structure has been confirmed by means of elemental analysis, infrared
and n,m.r, spectroscopy.

Typically, number average molecular weights of approximately 40,000
have been obtained, such polymers being weak elastomers soluble in
partially or wholly fluorinated solvents but insoluble in common organic
solvents, Thermal analysis (T.G.A. and D.T.A.) indicated that the
material was stable in air and nitrogen up to ca, 400°C,

The feasibility of preparing copolymers was demonstrated by the

successful polymerization of a mixture of O(CF CFZI)Z and I(CF2)3I.

2
Low molecular weight polymers could be produced by addition of
fluorocarbon monoiodide to O(CFZCFZI)Z’ 15 mole% of monoiodide giving a

polymer of number average molecular weight 4700 and containing C7F15
end groups, Polymers with ester end groups were obtained using
CHSOOC(CF2)3I but use of NC(CF2)3I as monoiodide resulted in cross-
linked material involving formation of a C=N- linkage,

The coupling reaction appears to proceed, at least to some extent,
via the intermediate formation of some type of perfluoroalkyl mercury

compound, probably RngI.100
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(b) Polymers Obtained from Perfluorcacyl Compounds

Irradiation of perfluoroglutaryl fluoride, PGF, in a quartz
tube with a low pressure mercury resonance lamp for 4 days yielded a solid
reaction mixture, the nature of which was not extensively investigated.102
The structure was taken to be essentially that of long chain dicarboxylic
acid fluorides (16).
Irradiation of perfluorooxydipropionyl fluoride (POPF) in
perfluorinated solvent gave acid fluoride terminated poly(perfluoro-

tetramethylene oxide) (17) in quantitative yield. Other monomers

successfully polymerized were perfluorooxydiacetyl fluoride (POAF), (1.41),

O(CF.COF). —2Y3 FCO(CF.OCF.) COF (1.41)
2 2 2 2°n

and the dimer of POPF (POPF-D), (1.,42)

FCO(CF ,CF ,0CF ,CF, ) ,COF LN FCO(CF ,CF

,OCF, OCFZCFZ)nCOF (1.42)

2

Copolymers have been obtained from various molar ratios of POAF and

PGF, some details for which are shown in Table 1,12 below.

Mechanismlo1
Polymerization occurs by a photochemically induced cleavage of

the CFZ—COF bond in the monomer or growing polymer chain (1.43), The

-éFZ radicals produced may either couple to give linear polymer (1.43 (ii))

or attack the oxygen atom of an acid fluoride group leading to a new

radical capable of coupling and thus producing cross-links (1,43(iii)),



TABLE 1,12

~Preparation of POAF/PGF Copolymers
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Monomers Polymersa
Monomers Mole ratio N;élzzeizfe Functionalit Glass transition
used POAF :PGF u v y temperature, ©C
weight
POAF 750 v 2.6 =48
POAF /PGF 5:1 1100 3.4 -45
POAF/PGF 2:1 1000 2.5 =30
POAF /PGF 1:1 1060 2.7 -13
a, Obtained after irradiation for 5 hours at 5-35°C.
0 0 0 0
[ I
(i) FCRfCF —> FCRf, + .CF
’ ? 0 0
(ii)  2FCRf. —— FCRERECF —P—vb-)FCO(Rf)nCOF (1.43)

0 0

(iii) FCRf. + Fl

Crosslinked po

linear polymer

ﬁ 0
RfCF —— FCRfO
I
FCRECF

l.RfCOF

lymer €— FCORfOCFRECOF

RECOF



70.

Consistent with this mechanism,longer irradiation times yielded
higher polymers of greater functionality. For POPFy,molecular weights
(corresponding functionalities underlined in parentheses) ranged from
500(2) to 15,000 (8). The extent of branching appeared to be independent

of reaction temperature in the range O-lOOoC.
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1.13 Further Studies in Step-Growth Photopolymerization

The following chapters of this thesis are concerned with further
studies on carbonyl containing compounds as possible bichromophoric
monomers for step-growth photopolymerization, Photochemical reactions
of carbonyl containing compounds are reviewed in Chapter 2,

The greater proportion of the work has been concerned with studies
on the photocycloadditionof a carbonyl group to a C=C double bond, with
oxetane formation, as the polymer growth reaction. Results are
described and discussed in Chapter 4, together with some further studies
on related photopolymerizations producing polybenzopinacols,
Preparation of the relevant monomers is described in Chapter 3.

Other photopolymerization studies involving biscarbonyl compounds

are reported in Chapter 5,



CHAPTER 2

ASPECTS OF THE PHOTOCHEMISTRY OF CARBONYL COMPOUNDS
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2.1 Primary Photophysical Processes of Organic Molecules

The initial stage of an organic photochemical reaction is the
absorption of a pho;on of light producing an electronically excited state,
Primary photochemical processes then occur involving the electronically
excited state, followed chronologically by secondary or 'dark' (thermal)
reactions of the various chemical species produced by the primary
processes,

Only light absorbed in a system is effective in producing a chemical
change (Grotthus-Draper law), and the amount of rédiation absorbed is
generally limited to one quantum per molecule taking part in a reaction
(Stark-Einstein law). Subsequent primary photochemical processes are
those étarting with absorption of a photon by a molecule and ending either
with the disappearance of that molecule or its conversion to a state such
that its reactivity is statistically no greater than that of similar
molecules in thermal equilibrium with their surroundings.loa

Substances are selective in the absorption of radiation depending on
the presence of chromophores usualiy cont;ining p electrons or 1 bonds.
Excitation occurs ;hen the absorption of electronic encrgy results in
the transition of an electron from a bonding or nonbonding orbital to
an antibonding orbital. Several designations exist for transitions
in polyatomic molecules, the more precise being spectroscopic ndtations
inveiving symmetry. However for photochemical purposes electronic
transitions are commonly discussed in terms of the initial and final
orbitals of the electron involved in a transition and this notation is

*
used here, Thus n -+ ™ represents the transition of an electron from a

*
non-bonding orbital to an antibonding w orbital.
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In most electronic excitations initiating photochemical reactions
one electron per molecule undergoes transition to a higher orbital and
two half vacant orbitals are assoclated with the molecule in the excited
state, The spin of the promoted electron is no longer defined by the
Pauli exclusion principle and may be parallel or opposite to that of the
electron remaining in the orbital vacated by the promoted electron.

Two values of spin multiplicity are thus generally associated with the

excited state;

i) Singlet state, multiplicity 1 (spins preserved)

ii) Triplet state, multiplicity 3 (spins parallel)

Singlet-triplet transitioms are forbidden by selection rules but
nevertheless observed, usually as a result of spin-orbit coupling between
the electron spin and orbital angular momentum allowing relaxation of
selection rules. The triplet state from a given electronic configuration
is lower in energy than the corresponding singlet state, a consequence
of Hunds rule.

Electronic transitions occur faster than changes in nuclear positions
asgociated with vibration. Consequently,geometry obtained upon
excitation should be the same as that existing before excitation (Franck-
Condon principle), and since potential-energy curves in ground and
excited states differ in shape, Franck-Condon excitation usually leads to
the population of higher vibrational levels in the excited state
(vertical transition A shown in Fig,2.1).

The excess energy of singlet and triplet states is usually in the

range 40-200 Kcal mole-1 and this energy is frequently sufficient to
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FIG.2.1

Potential Energy Surfaces for a Diatomic Molecule

singlet | pycited
triplet | States

Potential
Energy

Ground State

Internuclear Distance

allow chemical reaction to occur. Other processes by which this excess
energy may be lost are:
1) Radiative transition with emission of light .

ii) Radiationless transitions between states without chemical
reaction.

iii) Electronic excitation energy transfer .
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Emission of light may occur as fluorescence (emission between states of
the same multiplicity) or phosphorescence (emission between states of
different multiplicity). Excess vibrational energy in the excited state
is generally lost very rapidly through collision (vibrational cascade)
before emission of light which is consequently of lower energy than that
absorbed (Stokes law). - Thermal agitation may sometimes raise the
excited state to a higher vibrational energy level with consequent
emission of higher energy light.

I1f absorption occurs to excited states of higher energy than the
first excited state, very rapid isoenergetic internal conversion may
occur leading to higher vibrational levels of lower electronically
excited states of the same multiplicity, Close proximity of potential
energy surfaces and quantum mechanical mixing of similar energy states
aids internal conversion. Further deactivation may occur by procesées
described above.

Interconversion between states of different multiplicity may occur
by the process termed intersystem croésing. The process is associated
with the crossing of potential energy curves (B, Fig.2.l) and aided by
spin-orbit coupling effects. The population of triplet states via
intersystem crossing depends largely on the lifetime of the excited
state, relatively long lived singlets aiding heavy population of the
agropriaté triplet state. Following intersystem crossing, vibrational
cascade to the lowest vibrational level of the triplet occurs making the
reverse triplet-singlet conversion process endothermic and unlikely,

These radiative and non-radiative processes are shown diagrammatically

in Fig.2.2. More detailed discussion of the general physical aspects of

105

1

photochemistry may be found in standard works on the subject.



FIGURE 2.2

Energy Levels of Molecular Excited States and

105¢,d

Transitions Between Them,

The lowest vibrational energy levels of a state are indicated by thick
horizontal lines, other horizontal lines represent associated vibrational
levels. Vertical straight lines represent radiative transitions, zig-
zag lines non-radiative transitions. The orders of magnitude of the
first order rate c&nstants for the various processes are indicated (in

sec—l). S = singlet, T = triplet.
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FIGURE 2.2
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2.2 Excitation of the Carbonyl Chromophore

The absorption of light in non-conjugated organic molecules usually
involves the promotion of a single electron from a g,  or n orbital in
the ground state to a previously vacant n* or c* antibonding orbital.
The simplest example of a molecule containing the carbonyl chromophore
is formaldehyde. Molecular orbitals, appropriate energy levels and
electronic transitions for formaldehyde are shown diagrammatically in
Fig.2.3.106

With simple ketonesythe transition of lowest energy is the weak
n - n* transition generally responsible for the longest wavelength
(ca. 290 nm) absorption and fundamental in most photochemical processes
involving saturated ketone photolysis. Moderately intense absorptions
occurring in the 195 nm and 175 nm regions have been subject to some
dispute over assignment.lo7 A very intense absorption around 150 nm
corresponds to a M+ n* excitation, The n, ﬂ* state of formaldehyde is
a pyramidal species with a very long essentially single C-0 bond and a
substantially reduced dipole moment.108

The fact that energies of the longest wavelength absorptions of
carbonyl compounds are grouped relatively closely together indicates
conjugative effects are generally small and suggests that the concept
of the upper orbital being a n* molecular orbital is an oversimplification%oSa
with excitation appearing to stay largely localized on the heteroatom.

Conjugation shifts both the n - n* and m -+ n* absorption bands to
longer wavelengths. The lone palr orbitals are relatively unaffected

whilst the highest m orbital in the ground state is raised in energy,

*
relative to a non-conjugated carbonyl m orbital, and the lowest m



FIGURE 2.3

Molecular Orbitals,a Approximate Energy Levels and Electronic

Transitions in Formaldehyde.100

axes

Hote a) Solid contour lines rcepresent

a
(+) regions, Dashed contour X

lines rvepresent (-) repions.
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orbital lowered in energy. 1In appropriately substituted unsaturated
. v
ketones the m, m configuration may become the lowest triplet state, the
* . * . 105a
m+n shift being large compared to the n + 7 shift.

*
The position and intensity of the n -+ m absorption maximum for

some carbonyl compounds is given in Table 2.1.109
TABLE 2.1
n - n* Transition of Selected Carbonyl Compounds in
Hydrocarbon Solventslo9

Carbonyl Compound absorptiZEISZEEQu;f(kmax) 10810 (i§:2222122t)
Acetaldehyde 290 1.22
Acetone 279 . 1.16
Crotonaldehyde 327 1.32
Mesityl oxide 321 1.58
Benzaldehyde 327 1.6
Acetophenone 326 1.7
Benzophenone 345 2.1

For most carbonyl compounds intersysfem crossing from the excited
singlet to the triplet state is a very efficient process.109 The quantum
yield for intersystem crossing of benzophenone is 1.00. With some
carbonyl compounds; however, the relative energies of the excited states
may be unfavourable for intersystem crossing. For example 3- and 4-
pyrenealdehyde, 2-naphthaldehyde, 9-anthraldehyde, 3-acenaphthaldehyde

and 9-tetracenealdehyde all fluoresce on irradiation in ethanol indicating
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inefficient intersystem crossing. 0

*
transition is shifted to longer wavelengths and the ¢ =+ ¢

79.

' *
In non polar solvents the n 4+ 7

transition

to shorter wavelengths, and in heptane solvent, 3-pyrenealdehyde, 2-

naphthaldehyde, 9-anthraldehyde and 3-acenaphthaldehyde become non

fluorescent with efficient intersystem crossing.

*
The commonly accepted picture of the n, «

excited states of carbonyl

W
compounds, involving promotion of a'n' electron to an antibonding n

orbital, results in a lone electron localized on the oxygen.

109 The

state is thus formally analogous to an ordinary alkoxy radical (2.1).

VAN

(o]
It

<
]

o 0
-Oy

(2.1)

7N

2s unshared electrons

unshared electrons in the P, orbital

Such analogy extends to observed reactions where ordinary alkoxy radicals

are known to abstract hydrogen from and add to olefins, counterparts of

photoreduction and photocycloaddition reactions to be described.

109,111,112
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2.3 1Introduction to Organic Photochemistry of Carbonyl Compounds

The majority of known photochemical reactions of alkanones have

been classified under one of three reaction types.113

i) Cleavage of the bond a to the carbonyl group - Norrish type

I cleavage (eq. 2.2)
RCOR —2¥3 RCO + R- (2.2)

ii) Intramolecular (Norrish type II) or intermolecular abstraction of
a hydrogen atom by the carbonyl oxygen atom (eg. eq.2.3)

OH
I
RCOR + R'H —¥3 RCR + R'- (2.3)

iii) Cycloaddition to an unsaturated carbon-carbon linkage (eq.2.4)

R R
\/
C-=0
by ||

-C —C—
i

N A
~c=c + RCOR (2.4)

and related sensitized reactions of the olefinic type compound.

Aldehydeé and éromatic ketones undergo related reactions and
unsaturated carbonyl compounds (conjugated and non-conjugated) undergo a
wide variety of cleavage, abstraction, rearrangement and cycloaddition
reactions., The varying reactions are discussed in standard texts,lo5 and
discussions specifically relating to carbonyl compound photochemistry may
be found in reviews such as those by Swenton114 and Turro et al.113

The various types of reaction are discussed in following sections
in varying detail dependent on their applicability and relevance to

possible polymer forming reactions. Firstly, however, the phenomena of

photosensitization and quenching will be briefly considered as they have
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particular bearing on the chemical reactions of excited carbonyl

containing compounds.

2.4 Quenching and Photosensitization

Electronic energy transfer frequently occurs between organic
molecules in solution. Singlet and triplet states may be deactivated or
quenched by interaction with some other molecule , essentially by energy
transfer from the excited state of one molecule to the ground state of
the quencher.11 Triplet energy transfer is of particular importance
in rationalization of the course oi photochemical reactions of carbonyl
compounds, and may be represented by the scheme (2.5)

*
D Ay, D (singlet)

* i *
D (singlet) lEEEEEZEEEE) D (triplet) (2.5)

crossing
* *
D (triplet) + A — D + A (triplet)

[D = donor; A = acceptor]

Triplet-triplet transfer may quench both the photoreduction116 and

phosphorescence of benzophenone, and may be an important competing
reaction in the photocycloaddition of carbonyl compounds to olefins and
other unsaturated systems., Some eramples of quenchers are néphthalene,
cyclohexane and azulene. 1If the triplet energy of an unsaturated system
is lower than that of the carbonyl compound, efficient triplet-triplet
transfer may occur to the exclusion of cycloaddition. Triplet-triplet

transfer frequently results in isomerization or dimerization of the
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unsaturated system, Examples of isomerization include the cis-trans

isomerization of 1,2-dichloroethylene and pent-2-ene in the presence of
. 118

sensitizers such as benzophenone, cyclohexanone and acetone ", and

. . . . 1
internal photosensitization in the isomerization of trans-5-hepten-2-one, 19

(eq.2.6) and related compounds.120
CH E CH,_-CH H 0
C=C\‘ = > CH3—C-CH2-CH2 //CH3
7 N
- cH n + 1 (carbonyl) c=C
3 7 \
H H
/,Me (2.6)

—JL—-1\‘H

+ CH3 p ’-—-H
4 ’
PSS

An example of dimerization is the acetophenone sensitized
dimerization of norbornene.121

Basic conditions for transfer of excitation energy are:

i) The donor excited state must be sufficiently long-lived to
transfer its energy to an acceptor before other non-radiative or
radiative decay processes occur.

ii) The excitation energy of the acceptor should not exceed that of
the donor - otherwise the process would be endothermic.
iii) Total spin must be conserved,

With carbonyl compounds a knowledge of the n, n* triplet energies is
highly relevant to their possible use as sensitizers or the feasibility of
cycloaddition reactions, and lists of possible sensitizers and their

109,122

triplet energies are available, Similarly,relative efficiencies
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of olefins in quenching triplet states of ketones such as acetone have

been determined.123

Sensitization is particularly useful in excitation to triplet states
of species that have poor efficiency of intersystem crossing or high
singlet excitation energies. The most effective sensitizers are those
that have very efficient intersystem crossings, that absorb preferably
at longer wavelength than the acceptor but have a higher triplet energy

than the acceptor, and that are photochemically unreactive themselves.122

2.5 Norrish Type I and Type II Processes 0> 114

Many ketone and aldehyde photochemical reactions fall into these two
categories, The Norrish type I cleavage may be formally represented by

cleavage of a -ﬁ-—CE bond, followed by decarbonylation, Combination of

radicals, hydrogen abstraction or secondary fission reactions lead to

various products (2.7).

/CHZ\ /CHZo /‘ CHZo

(CH,)_ c=0 -V (CH,)_ —  (cH,) o

\C“z/ \cu -C» kcu .

' 3 //,—CH=CH2

CH2=CH—(CH )n_3 (cu )n (cuz)n_1

+ CH,=CH 2
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Norrish type II processes occur with carbonyl compounds possessing
: *
v-hydrogens abstractable by the carbonyl group after n + m excitation.
Cleavage of the bond «a,P to the carbonyl group often occurs concurrently

with the initial formation of enols and olefins (2.8)

H Tn o
R" RI
0 C—R' | : Y
||] \'| ~hv, R-C=CH, + N (2.8)
C CH i
/ < N\ 2
R N c D CH,
H,

Type I cleavage may occur from either the excited triplet or singlet
state, as with t-butyl alkyl ketones,124 and its extent is dependent on
the substitution at the o-carbon. The process is consequently
unimportant with diaryl ketomes such as benzophenone where an unstable
phenyl radical would be produced. Although the process is generally more
efficient in the vapour phase, the process may also occur in solution.124

Type 1I processes may also occur from either singlet or triplet
excited states, as with 2-pentanone and 2-hexanone,125 and 2-octanone.126

Studies have been made on competing type I and type II processes,
for example in a series of n-propyl alkyl ketones.127 Type I cleavage
was found to increase relative to type II processes as the alkyl group
was changed from methyl through to t-butyl, probably related to the

decreasing acyl-carbon bond strength across the series of ketones

studied. With an unsymmetrically substituted ketone, cleavage occurs




85.

preferentially across the weakest C-C bond, methyl ethyl ketone
predominantly cleaving to yield an acetyl radical and ethyl radical at
313 nm.114
The different reactivity of excited states towards Norrish type II
reaction is a function of electronic structure. For example, butyrophenones
with a p-hydroxy or p-amino substiguent do not undergo the reaction and
have been shown to possess ﬂ,ﬂ* rather than n,n* lowest lying triplets.128
The diverse products obtained from aliphatic carbonyl compounds
generally render them unsuitable for consideration as possible carbonyl

compounds undergoing cycloaddition reactions to oxetames in near

quantitative yield.

2.6 Photoreduction of Carbonyl Compounds

(a) Introductory Survey

The photoreduction of carbonyl compounds in suitable hydrogen
donating solvents has been widely investigated for well over half a
century,129 since Ciamician and Silber began research in the field.86
Photoreductive coupling has already been discussed briefly in Chapter 1
(section .1,10) with reference to the preparation of polybenzopinacéls,
and is now discussed in further detail.

The initial work of Ciamician and Silber indicated that benzophenone

was reduced to benzopinacol on exposure of an alcoholic solution of the

ketone to sunlight, (eq.2.9).
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0 OH OH

= |
Z@C@ m-} Cc—-¢C (2.9)
2 2

The mechanism of this reaction has already been briefly indicated
(Chapter 1, section 1.10), reaction proceeding via the n, n* carbonyl
triplet.

In the presence of alkali, however, it was discovered that benzhydrol
was formed,l30 and in a series of photoreductions of benzophenone and
substituted benzophenones in isopropanol containing a small amount of
sodium-2-propanolate, Bachmann130 showed that benzhydrols could be
obtained in high yield. He proposed that as fast as the pinacol was
formed it decomposed to benzhydrol (in the case of benzopinacol) according
to reaction scheme (2.10).

OH OH ONa ONa

| - l
sodium~2-propanolate .
Ph2C——-C—~—Ph2 7 PhZC___C___Ph2 _— 2PhZCONa

. 2.10
C-OH + 2(CH3)2CHONa ( )

l

thCO + thCHOH

2Ph. CONa + 2(CH,),CHOH + 2Ph

2 2

However, proposed mechanisms for the formation of benzhydrol from
130 . . , 131
benzophenone in the presence of alkali have recently been questioned.
The most intensively studied reaction is the actual photoreductive

coupling reaction to 1l,2-ethanediols. Aldehydes and ketones undergo the

reaction,129 ketones having received by far the most attention. Some
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examples of ketones that yield pinacols on a preparative scale are given

in Table 2.2.

TABLE 2,2

Some examples of Ketones Undergoing Photopinacolization

Ketone Hydrogen Donor Solvent |Reference
Benzophenone isopropanol 132
4,4"'-dimethoxybenzophenone " 133
4,4'-dichlorobenzophenone " 133
3-benzoylpyridine " 134
Acetophenone butanol 135
2-,3-, and 4-acetylpyridines isopropanol 136.
a-tetralone isopropanol 137

Benzophenone is the most thoroughly studied ketone, yielding benzopinacol
in quantitative yield, The quantum yield for the formation of acetone
in the photoreduction of benzophenone in isopropanol is nearly constant

using irradiation at several different wavelengths between 366 and 254

138 . * * . .
nm, suggesting that both n + m excitation and m #+ nm excitation (of

the benzene chromophore) may ultimately bring about reaction.lo9

(b) Solvents

Various solvents have been used as hydrogen donors, in particular

139,140

alcohols and alkylbenzenes. Many comparisons of solvents have been

made with benzophenone as reacting ketone. Some quantum yields of
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benzophenone disappearance in various solvents are shown in Table

2.3.141

TABLE 2.3

Quantum Yields of Benzophenone Disappearance in Hydrogen Donor Solvents

Solvent Molar Concentration of Qua?tum Yield
Benzophenone of Disappearance

Water 1074 0.02
Benzene 1072 0.05
Toluene 10_2 0.45
Hexane 1072 - 1074 1.0
Ethanol 107% - 107t 1.0
Isopropanol 10-5 - 10-1 . 0,80 to 2.0

Where the quantum yields of benzophenone disappearance are almost zero
(water and benzene), bond energies with respect to hydrogen abstraction
are high enough (> 100 kcal mole-l) to.-prevent hydrogen atom abstraction
by the triplet with anything other than very low collisional efficiency.140
In hexane, toluene and ethanol, quantum yields are less than or
equal to unity and concentration independent.140 It 1s suggested that all
benzophenone triplets abstracf a hydrogen atom, the appropriate C-H bond
energies in hexane and toluene being approximately 85 and 80 kcal mole-1
respectively. The overall quantum yields then depend on the thermal
reactions of.the radical R. formed on abstraction from the solvent RH.
Reversion of the primary hydrogen abstraction reaction (eq. 2.11) results

in an overall quantum yield of less than unity.
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ph2é0H +Re =+ PhyCO + RH (2.11)

In isopropanol where quantum yields tend to a limiting value of 2,
Re [= (CH3)260H] may undergo further hydrogen abstraction with the

production of acetone and more théOH (2.12).

(cus)zé-on + Ph.CO = (CH3)200 + thé-ou (2.12)

2

Such an abstraction is energetically improbable in the benzyl or hexyl

radicals from toluene or hexane. Where ketones are not photoreduced in

alcoholic solvents, a more powerful hydrogen donor such as tri-n-

butylstannane may allow photoreduction, as is the case with 2—acetonaphthoﬁg?
A recurring problem143 in mechanistic studies of benzophenone

photoreduction in isopropanol has been the failure to detect the mixed

pinacol (18), whereas analogous cross-coupled products have been

obtained for benzophenone photoreduction in toluene and cumene,139 and

alcohol solutions.144 Weiner has now shown that this mixed pinacol is
produced on benzophenone photoreduction in isopropanol, and under
conditions where all acetone ketyl radicals, (Cﬂa)zéOH, are scavenged.143

Weiner thus indicates that the mixed pinacol results from a cage reaction,

reaction being best explained by the following modified sequence (2.13),.



*
thco + (CH3)2CHOH

(19)
(19)
(19)

(CH3)2COH + PhZCO

2Ph2C0H

90.

+ Ph,G(OH) + (cn3)2éou

(19)

PhZC(OH)C(OH)(CH3)2

Ph,CHOH + (CH3)200

2 (2.13)

- thcou + (CH3)200H

- (CH3)2CO + théou

OH OH

| I
+ Ph,-C— C-Ph

2 2

(overline represents a caged species)

The significant fraction of cage reaction (0.11) requires that, in

the pair of radicals comprising (19) (where the electron spins are

initially parallel), spin flipping must occur in some radical pairs

prior to diffusion out of the solvent cage.

It must be noted that there has been much controversy over the

nature of intermediates in the photoreduction of benzophenones in

i.*xoprop:;u'nol.ll"5 Filipescu145’

146

has proposed a yellow intermediate of

structure (20) in the cases of bensophenone and 4-alkyl substituted

CH
v Xe”
OO
R

CH3

(20)
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benzophenone photoreduction in isopropanol. For benzophenone, Filipescu

suggested a reaction scheme (2.14),

* , . [
thco + (CH3)ZCH0H- -+ thcou + (CH3)200H

PhZCOH + (CH3)200H + (20) (R = H)

(20) + Ph,CO - zphzbou + (CH,) ,CO (2.14)

2Ph260ﬂ + Ph,C(OH)C(OH)Ph,

It was proposed that (20) yielded products via the dark reaction (2.15)

CH
-3

OH CHQ\
Ph(|: N~ S~ B (2.15)
vz ~o_Lu-o<£c” Products .
H

N\ Ph

However Weiner143 states that the quantitative formation of (20) from
(19) is inconsistent with the detection of the mixed pinacol in the
product mixture, Whilst observed yellow coloration in the reaction may
be due to the presence of (20), Weiner143 concludes that the yellow
intermediate cannot be transformed into products at a rate consistent
with his and earlier studies,

The low efficiency of photoreduction in benzene has resulted in the
solvent being used in many sensitization experiments. However, there
is a low quantum yield of reduction even with benzene solvent and
observations concerning the actual behaviour of benzophenone triplets

147

in benzene solvents are confusing. The value given for the quantum

yield of disappearance of benzophenone in Table 2.3 is 0.05 and is the

145
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upper limit as determined by Beckett and Porter.lao Dedinas148 reports

an initial quantum yield of benzophenone disappearance of 5.1 (40.8,

-1.5) x 10-3, in agreement with earlier values of approximately 10-3,149

whilst Bell and Linschitz150 estimate a quantum yield of 0.1 for

formation of the primary ketyl radical PhZ&OH compared to 0.022 + 0.006

found by Buettner and Dedinas.151 Deactivation of triplets in benzene
152,153

has been suggested to occur via formation of biradical

intermediates of the type (21) (shown for benzophenone).

(21)

Schuster and Brizzolara153 have pointed out that this provides a path

for formation of biphenyl according to the scheme (2.16)

Ph Ph
(21) + (21) - Neto H 0-t 7 (2.16)
S
H H H
(22)

(22) -+ 2Ph.COH + Ph-Ph

2
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The major products from irradiation of benzophenone in benzene

(6 x 10‘3M solution) at 290 nm are biphenyl and benzopinacol and 14C studies

have recently shown that the biphenyl is essentially solvent derived.147

A value of ka =19 M_l sec-1 has been calculated for the rate of hydrogen
147 149 .

abstraction from benzene. Schuster suggests that the quenching

of benzophenone triplets in aromatic solvents involves an interaction

incorporating at least partial charge transfer from ketone triplet as

donor towards aromatic as acceptor.

(c) Effect of Structure on Photoreduction of Aromatic Ketones

Not all ketones are photoreduced to give pinacols. The reactivity
of aromatic ketones has been rationalized in relation to the lowest lying
triplet levels of the ketone.154 When the lowest lying triplet level is
n, ﬂ*, ketones are generally readily photoreducible with quantum yields
frequently approaching unity. Ketones which possess a m, n* configuration
for the lowest triplet state, however, are much less disposed towards
photoreduction, an example being p-phenylbenzophenone., It is suggested
that the higher efficiency in photoreduction processes by the n, n* state
may arise from the highly localized n-electron of the oxygen, whereas
in the m, n* triplet state the unpaired electrons are more delocalized

and hydrogen abstraction is thus more endothermic.n4’142

@\3_"00 @\T o/

///C_—— °
& ©
highly reactive odd electrons delocalized
centre in hydrogen over 1 system.
abstraction.
* *

n, ™,
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A third type of possible lowest lying triplet state is a charge-
transfer stat:e.l54 In p-aminobenzophenone represented by the formula
DRA, where D is the electron-donating amino group, R is the aromatic
ring, and A is the electron-accepting carbonyl group, three important
charge-transfer states may be considered. These are prRY A~ corresponding
to the charge-transfer state of benzophenone, D+R-A corresponding to the
charge-transfer state of aniline and D+RA-. The three states interact
with one another to give a new low energy charge-transfer (C-T) state
not present in benzophenone or aniline. The negétive charge on the
oxygen in this C-T state results in virtually zero reactivity towards
hydrogen atom abstraction. Polar solvents such as isopropanol should
enhance intramolecular charge-transfer from the electron donating group
to the carbonyl group, thus helping to decrease the energy of such charge-
transfer states below that of the n, ﬂ* state.

Thus in isopropanol where the C-T state of p-aminobenzophenone is
the lowest lying triplet state, the quantum yield of pinacolization is
zero. In a less polar solvent such as cyclohexane, where the charge-
transfer triplet is no longer the lowest lying triplet, photopinacolization
of p-aminobenzopheﬁone has been thought to occur quite readily with a
quantum yield of 0.2.155 p-Hydroxybenzophenone has been reported to
behave in a similar manner, the molecule reacting in the basic form in
the excited state where the pK of its protonation equilibrium is much
lower than in the ground state.

In accord with this theory aminobenzophenones can be reduced in
isoproéanol when converted to their onium salts. Photoreduction of p-
dimethylaminobenzophenone in isopropanol is reported to proceed very

slowly, the ketone possessing a charge-transfer band at 352 nm,156 arising
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from excitation to structure (23). Addition of HCl causes a decrease in
the intensity of this absorption and is reported to increase the quantum

yield of photopinacolization.

0_
+ I
(CH3)2N =©=c—@

(23)

However, many of these results have recently been questioned and
are now suspect.l57 Thus in relation to solvent effects on the substituted
benzophenones, although the ketones are unreactive in isopropanol but
react in cyclohexane, the process, in fact, does not appear to involve
hydrogen atom abstraction leading to pinacols, Pitt5157a states that no
plnacol is formed on irradiation of p-aminobenzophenone in cyclohexane.
He emphasizes that spectrophotometric methods of analysis have frequently
been employed in studying benzophenones and that these methods involve
disappearance of reactant rather than appearance of product. Thus
alterations in reaction paths arising from uncontrolled environmental
changes and leading to products other than pinacols may not be observed.
Studies by Cohen157c of solvent effects on the isomerization of
trans-stilbene in the presence of benzophenone and aminobenzophenones
have suggested that the failure of p-aminobenzophenone to photoreduce
in polar solvents results from essentially the complete absence of triplets
rather than the charge-transfer state itself being unreactive. Cohen

suggests that in isopropanol the charge-transfer singlet and triplet

*
levels may be below the n, m levels and that intersystem crossing between
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. . . . c
the like charge-transfer states is slow. It is also concelvable157 that

a triplet is formed, but is deactivated and thus, in effect, quenched by
the alcohol.

Pinacols may only be isolated following photochemical reduction of
aryl ketones in isopropanol, if the pinacols are themselves stable in
irradiated acetone solutions.129 Thus 9,9'-dihydroxy-9,9'~bixanthene
is converted into xanthen-9-one in sunlight,133 (eq.2.17), and correspondingly
xanthen-9-one is not converted to the pinacol on irradiation in

isopropanol.

0
v
+ (cHy),00 by, 2 @

HO
l'acetone (2.17)
0
2| O @ + (CH,) ,CHOH
0

Ortho substituted aromatic ketones, or those with other substituents
which can form a six~membered ring hydrogen bonded to the carbonyl oxygen,
may tautomerize in an intramolecular hydrogen abstraction reaction. Thus
2-methylbenzophenone forms an enol under the influence of ultraviolet

light, (eq.2.18), to the complete exclusion of photopinacolization.158
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0 N
@ | vy ' oH (2.18)

This reaction has been investigated in relation to other alkyl

substituted ketones,159 and is discussed further in Chapter 5.

(d) Photoaddition of Ketones to Methylene Groups

Carbonyl groups may undergo photoaddition to methylene groups
adjacent to double bonds or aromatic systems.

Benzophenone reacts with diphenylmethane in sunlight to form 1,1,2,2-

tetraphenylethanol (eq.2.19),160
Ph Ph
hy I
thCO + PhCHZPh —_— HO-?—— -H (2.19)
Ph Ph

Irradiation of benzophenone with bis-(4-methoxyphenyl)methane
gives the carbinol and symmetrical dimers of the radicals involved in

the reaction (eq. 2,20).161 OMe

Ph,,CO +Me0@-CH2-@-OMe vy 4o-¢-c-H +
/N

Ph O
s QE

HO-C-C-0 + H-C-C-H (2.20)

I
PhPh
OMe 0

Me

OMe

oM OMe

Ph Ph
H
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Transannular interaction between the excited carbonyl group of

cyclododecanone and one of the nearest methylene groups, with intramolecular

cyclization,yields a tertiary alcohol (eq. 2.21).162
OH

O{j ~hv, _ (2.21)
H

Many other examples of such photoadditions may be found in the

literature.l63

2.7 Photocycloaddition of Carbonyl Compounds to Unsaturated Systems

The photocycloaddition of carbonyl compounds to olefins with the

formation of oxetanes (eq.2.22) was first reported by Paternd and Chieffi

in 1909.164

R! R'
N 7 R'

c
[ Il b 0 R’
c + c — (2.22)
7\ RN R R'
R R R' R'

The reaction was not reinvestigated until 1954 when Biichil65

verified the structure of the product, and it is only in the last decade
that the scope and usefulness of the reaction has been demonstrated.109
The reaction has been named the Paterno-Buchi reaction and is

frequently the one chosen for oxetane synthesis. Starting materials are

readily available and yields may be nearly quantitative, an essential

requirement for application to step-growth polymerization. Two fairly
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recent reviews of the PaternB-Bﬁchi reaction are available.log’166

(a) Scope of the Reaction

Paterno and Chieffi reported that irradiation of benzophenone in
a petroleum mixture rich in 2-methyl-2-butene gave an oxatane in good

yield (eq.2.‘23)_109

H CH
0 \\C// ’
I I . 0— Cti3 0— (CH,),
SN N o \J * Lj
Ph Ph ci, “cH, Ph, (cHy), Ph, CHy
(2.23)

Biichi165 photoreacted 2-methyl-2-butene with benzaldehyde,

acetophenone and n-butyraldehyde and assigned oxetane structures to the
products by identifying the carbonyl compounds formed from acid-catalysed
cleavage. Numerous oxetanes have subsequently been synthesized by the
Paterno-Buchi reaction.lo9 Arnold has produced a comprehensive tablelo9
of oxetanes prepared by the reaction, and a few examples indicating the
scope of the reaction are given in Table 2.4,

Examination of the examples in Table 2.4 indicates the variety of
carbonyl compounds and unsaturated systems studied. Carbonyl compounds
successfully undergoing photocycloaddition include aliphatic and aromatic
aldehydes and ketones, p-quinones, fluoro-compounds and compounds
containing functional groups in addition to the carbonyl group. Olefins
used embrace linear and cyclic systems, including fluoro-olefins. 1In
addition to olefins other unsaturated systems have been employed including
allenes, acetylenes and ketenimines. The cycloaddition may be intra-

molecular as well as intermolecular,
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TABLE 2.4

Some Photocycloadditions of Carbonyl Compounds to Unsaturated Systems, Yielding Oxetanes

Carbonyl Compound Unsaturated System Oxetane Y?i:;a?i) Ref.
e
Perfluoroacetaldehyde Chlorotrifluoro- 14 167
CF Cl
X ethylene 3
H F
CHy
n-Butyraldehyde 2-Methyl-2- o—1—H 7 165
butene (CH.,)
C3H7 I 372
H
Perfluoroacetone Ethylene ca.80 168
(CF,)3
[0
Acetone Cyclohexene | 8 169
; (CH3)2
S-Methxl-S-hexen-Z-one CcH CH 170
3 3
Benzaldehyde 1-Hexene Ph I c.H 30 169
T “49
H H
H
CH3
Cinnamaldehyde 2-Methyl-2- 171
butene C6H50H=CH CHJ)2
H
Acetophenone Cyclohexene Ph 15 169
CHy
2-Benzoylpyridine Isobutylene Ph (CH.) 57 172
372
Z-Csﬂl.N
(CH3)2
Benzophenone Tetramethylethylene 70 173
3| e, (CHy),
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Oxetane
Carbonyl Compound Unsaturated System Oxetane Yield (%) Ref.
Ph _
B Ph 173
enzophenone Norbornene 80 174
0
O (chy),
m-Dibenzoylbenzene Isobutylene Ph 172
' Ph-——;__T
((7H3)2
CN
Acetylcyanide Norbornene CHJ 77 175
0
+ isomer
00—
1,4-Benzoquinone Cyclohexene 10 176
0
-(CH3)2
3-Octyne-2-one Isobutylene CH3 82 177
CEC-C4H9
+ isomer
C R
0___//’ 479
HJ
N
C,H
H 49
Benzaldehyde 5-Decyne \L 13 178
Ph\c-c’ Cl’l{9
i’ ceo
CAH9
lPh 179
Benzophenone Allene 0 2 38 180
Ph}__d‘ 181
S




Table 2.4 contd.

Oxetane
Carbonyl Compound Unsaturated System Oxetane Yield(%) Ref.
Benzophenone Tetramethylallene SEE CHAPTER &4

H

CH=CHCH

Crotonaldehyde Furan ) 3 11 182
[\0

0—(cHy),

4-Methoxy- Dimethyl-N-
benzaldehyde (2-cyano-2- A-CH3OCGH4 N~C(CH..) .CN 34 183
propyl)ketenimine : 372

Benzophenone Furan SEE CHAPTER &
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(b) Mechanism
As in the case of photoreduction, most photocycloaddition
reactions of the carbonyl group are characteristic of the carbonyl n,n*
state,109 and carbonyl compounds undergoing photocycloaddition generally
undergo photoreduction in isoprOpanol.173

The important steps in the reaction for "electron rich" olefins may

frequently be adequately represented by the reaction scheme (2.24).

*
i) Excitation RCOR —¥3 RCOR (singlet)

' * *
ii) Intersystem Crossing RCOR (singlet) -+ RCOR (triplet)

*
iii) Deactivation RCOR = (i) Radiative or nonradiative RCOR
(ii) With or without quenchers -+ ground
(iii) With molecular rearrangement state

iv) Reaction
Rl

R'. R o __j_R,

. . o R
RCOR + j( ~» -
R—e R! R —R!
'

Rl

R| R'

R R R R

(2.24)

Excitation of the carbonyl chromophore has already been discussed.
Initial excitation of the carbonyl chromophore is demonstrated by the fact
that reaction may be brought about by irradiation in regions where only
the carbonyl compound absorbs.

If the rate of intersystem crossing is faster than the rate of
diffusion in solution, bimolecular reactions of the excited singlet state

will not occur. The rate of intersystem crossing in aromatic carbonyl
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compounds is fast compared to the rate in aliphatic carbonyl compounds,
reaction from the excited singlet state being more likely in the latter
case.

Deactivation of the excited state without oxetane formation may occur
by a variety of competing processes, the n, n* triplet existing in fluid
solution for approximately 10_5 sec.150 The rate of cycloaddition must
be rapid enough to occur before the excited carbonyl compound returns
to the ground state by, for example, radiative deactivation. Singlet and
triplet excited states may be qﬁenched by interaction with sbme other
molecule such as the unsaturated system, (section 2.4). An example of
the unsaturated system acting as quencher of the singlet state is in the
photocycloaddition of fluorenone to dimethyl-N-(cyclohexyl)ketenimine

(eq.2.25).

0

)
‘ + (CH,),C=C=N-C_H ., —¥y
372 6711

(2.25)

A striking decrease in quantum yield of adduct formation at high ketenimine
concentrations is believed to be due to deactivation of the fluorenone
singlet state via complex formation with the ground state of the
ketenimine. Photoenolization is another deactivation pathway.

The actual photocycloaddition generally involves attack on the ground
109

*
state olefin by the n, m triplet excited carbonyl compound.

The reaction sequence
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depicted above involves addition of the lone electron of the oxygen atom
to an "electron rich" unsaturated system giving a biradical intermediate
which subsequently closes, forming the oxetane.

With unsymmetrical "electron-rich" unsaturated olefins two isomers
may be formed and the stereochemistry of the major adduct is predicted
from Markovnikov addition or consideration of the most stable biradical
intermediate. This is consistent with the simple model for the carbonyl
n, n* state predicting electrophilic attack on the 1 system of the C=C
double bond by oxygen. This should occur preferentially in the plane
of the carbonyl group and produce a biradical, the orbitals forming the
C-C bond being orthogonal to each other immediately after the C-0 bond
is formed (2.26). If the n, ﬂ* triplet is involved, spin inversion

must occur before bonding.185

(2.26)

C) Orbitals forming

C-0 bond
N I
\
|

!
! 4

T/

-
-
-

Orbitals to form
C-C bond orthogonal
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Evidence for the biradical intermediate is the degree of retention
of cis- and trans-substitution in the product from a cis- or trans-
olefin. Isomerization would not occur if both bonds were formed
concurrently in a concerted process whilst bond rotation is possible in
the biradical mechanism. Irradiation of benzophenone in 2-butene yields
approximately the same mixture of both isomeric oxetanes starting with
either the cis-olefin or the trans-olefin before significant isomerization

of the olefin occurs, indicative of the biradical mechanism (eq.2.27).109

+ i (2.27)
Ph

2 3
> Ph

: 0
Ph,CO + CH.,CH=CHCH, - ‘
CIS or TRANS 2

Photocycloaddition of benzophenone to isobutylene gives the oxetane

(24) as the major product.173
C
Ph, (CH,),
(24)

The intermediate biradical (25) is more stable than biradical (26),

tertiary radicals being more stable, and leads to the major product (24),

] ]
Ph,'v (CH3)2 Ph,"'* -

2

(25) (26)
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Product orientation may be influenced by steric factors. For example

photoaddition of benzophenone to 2-methylnorbornene gives a preponderence

of isomer (27) over isomer (28).109
CH3
00— 0]
thl-_a | thl__.
Gy
(27) (28)

Isomer (28) is preferred from the point of view of radical stability
and steric interference to the attacking oxygen. If intermediate formation
is reversible, steric repulsion will influence closing of the biradical
giving (27). Steric factors favour production of the exo oxetane (29)
from benzophenone and norbornene, the exo position being more easily

approached than the endo posit:i()n,173:174

Ph2

Ph
exo (29) endo (30)

The previous discussion on the mechanism of the Paterno-Buchi reaction
has been based essentially on a biradical mechanism involving initial
attack of carbonyl n, n* triplet. The biradical mechanism is adequate
for the rationalization of many cycloaddition products, but over the

past few years there has been particular interest in further studies on
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mechanism and the nature of intermediates formed during reactions. It

has been suggested that the biradical intermediates may undergo cleavage

to generate isomerized olefin,175 (eq.2.28), although there has been
dispute as to whether fragmentation gives triplet state olefin175 or
ground state olefin.186

Réé-O~CH-éHR + RyC0 + cis and trans RCH=CHR (2.28)

R

This is an alternative mechanism to photosensitized isomerization via
energy transfer, The possibility of some intermediate prior to the
biradical has been suggested,187 inconsistencies in effects of olefin and
ketone structure on quenching rate constants suggesting a charge-transfer
complex or exciplex* may precede the biradica1.188 A primary interaction
between ketone triplet and olefin with charge-transfer complex formation
has been postulated whenever energy transfer is so endothermic as to be
negligibly slow.188

Very recently, largely on the basis of isotope effects, it has been
reported that the primary interaction between benzophenone triplet and
simple alkenes involves irreversible formation of a complex with
substantial charge-transfer character, olefin being the donor and ketone
the acceptor.lgo A possible structure for the complex has been suggested
(Fig.2.4) which includes n-orbital participation, a geometry symmetric

with respect to olefin double bond and which maintains the geometric

integrity of the olefin.

* Exciplexes (excimers) are molecular aggregates defined as being stable
in an electronically excited state but not in their ground state, 113,189
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FIG.2.4

A structural hypothesis for the complex between benzophenone

triplet and simple alkenes.190

The direction of collapse of the complex is reported to be dependent on
factors in addition to biradical stability. Charge distributiors and
polarizabilities in the complex may be involved.
*
Attack of carbonyl n,m singlet on an'electron rich'olefin is
. 191-193
established and proceeds through a singlet complex and then via
a concerted or very short-lived 1l,4-biradical pathway with insufficient

time for bond rotation. For the Paterno-Buchi reaction of alkanals,

Yangl91 has proposed the reaction sequence (2.29).

3 *
> n,m
*
RCHO hy 'n,m (2.29)
*
~oTefis ['n,nm -olefin] -+ singlet biradical -

oxXxetane
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In the photocycloaddition of acetone to l-methoxy-l-butene, both singlet

and triplet biradical intermediates have been postulated,192 the former

being expected to cyclize and fragment more efficiently relative to

rotation about C-C and C-0 bonds. It has recently been pointed out,190

however, that the value and validity of simple concepts, l1ike slowness of

spin inversion relative to bond rotation rates, in biradicals have been

questioned.194

Intramolecular cycloaddition in 5-hepten-2-one is thought to

proceed via singlet exciplex formation.195

Photocycloaddition to "electron-deficient" olefins such as o, B

unsaturated nitriles involves attack of singlet excited carbonyl compound

on the olefin to give a singlet complex196-199 in which an electron

*
appears to have been transferred from the carbonyl n,nm state to the olefin,
Oxetanes may be formed by photocycloaddition to conjugated dienes

via singlet excited ketone attack on ground state diene giving a singlet

complex with charge-transfer character.zoo It has been suggested that

oxetane formation from 2,3-dimethyl-1,3-butadiene and benzophenone

proceeds by addition of diene triplet to ground state benzophenone,201

but Barltrop later proposed a mechanism involving attack of excited

triplet benzophenone on ground state diene.202 Other reports of oxetane

formation from excited olefin and ground state carbonyl compound have
recently been made.zo3

An upper excited electronic state of 9-anthraldehyde may be reactive
in its Paterno-Buchi reaction.204

Exciplex formation between the electron deficient aromatic ring of

*
the w,m excited singlet state of the esters dimethylterephthalate and
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dimethylisophthalate, and the olefin 2-methyl-2-butene has been proposed
for the associated photocycloaddition reaction,205 the reaction scheme
being (2.30).

h Olefin direct

Ester —V*) [Ester]S ——— [Complex] o via’ Oxetane
TN 1

higher
*
n,m (2.30)

triplet state of
ester

Excitation of charge-transfer complexes from anhydrides and "electroa-

rich" olefins is reported to lead to oxetanes.206

(¢) Limitations
Many restrictions on successful photocycloadditions yielding
oxetanes have already been considered in the preceding discussion.

A major competing reaction is hydrogen abstraction and intramolecular,
intermolecular and solvent hydrogen abstractions have already been
discussed. Olefins with eésily abstractable hydrogens should be avoided.
Benzaldehyde adds to cyclohexene and also abstracts hydrogen from it

(eq.2.31).10°

0
o ||

PhCHO + —— Ph-C-H + Ph-?~—?-?h +
H H

(2.31)
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Hydrogen abstraction from the oxetane itself must also be

. , , 109, 207

considered, hydrogen « to ether oxygen being susceptible to abstraction.
*

Attainment and sufficient lifetime of the n,m state of the
carbonyl compound is most often a prerequisite of reaction and some
factors influencing the nature of the lowest lying excited state have
already been discussed in section 2.6. Cyclobutane formation may be an
alternative: reaction to oxetane formation, as with l,4-quinones such as

chloranil (eq.2.32).208

N\ N " 0 R
+ J( — o+ (2.32)

Energy transfer to the unsaturated system has again already been
considered (section 2.4).

Stability of the biradical intermediate in most reactions restricts
the possible isomers yielded by the reaction.

Norrish type I and type II processes may compete with oxetane
formation. Norrish type I rupture of acyl-halide bonds of perfluoroacyl
chlorides and bromides competes with oxetane formation from these
carbonyl compounds.209

Some other reactions of carbonyl compounds, that could compete
with oxetane formation are indicated briefly in section 2.8.

Products must be stable to the irradiation conditions used.
Oxetanes are transparent in the long wavelength region but may ring

open on irradiation at short wavelengths.210
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Photochemically active chromophores present in addition to the
carbonyl group of the carbonyl compound may lead to complications, for

example in further reaction beyond oxetane formation as with irradiation

of fluorenone and tetramethylallene (eq.2.33),109,181

0 : (CH3)2
P hy
@.@ + (o) ,ceCceC(CH,), 2% o ey,
l’hv

(2.33)

(CH3)2 CH3)2

oL 10

Oxetane products though detectable and characterizable by infrared

and n.m.r. spectroscopy may be too unstable for purification, an
example being the oxetane from 4,4'-dimethoxybenzophenone and isobutylene

which fragments into formaldehyde and diarylethylene (eq. 2.34).109’173

0
I
@C O] + ociy=cany), 5
. (4-CH,OC_H,) (CH,)
CH3O OCH3

(]

3776 472 372

l (2.34)

(4-cu3oc H,) C=C(CH3)2 + HCHO

6472
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(d) Experimental Conditions

Standard photochemical procedures are employed in the photo-
cycloaddition reactions.

Solvents should be transparent to the wavelength of light used, inert
with no easily abstractable hydrogén atoms and have no quenching
properties. Amongst solvents successfully used are: benzene, pyridine,
acetic acid, acetonitrile, excess olefin, excess carbonyl compound,

saturated hydrocarbons and ethers.109

2.8 Miscellaneous Photochemical Reactions of Carbonyl Compounds

In this section some further photochemical reactions of carbonyl
compounds are indicated, their felevance being that they may possibly
interfere with oxetane formation.

Aliphatic-aldehydes such as acetaldehyde, butyraldehyde and heptanal

add to olefinic double bonds under the influence of light, forming ketones

by a free radical mechanism (eq. 2.35).211
RCHO + R'CH=CH, v, RCOCH,,CH,R ' (2.35)

This reaction is obviously in contrast to oxetane formation. Free

radical additions to olefins have been reviewed generally.212

Ultraviolet irradiation of aqueous solutions of cyclic ketones may

result in hydrolysis to acids (eq. 2.36).213

0
CH
3 hy
—% HOOC—¢CH,)_-CH (2.36)
H,0 2’5 773
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Photoisomerization with ring contraction has been reported, (eq.2.37).214

0 0
h Me
2V, (2.37)

Expulsion of carbon monoxide may occur (eq.2.37).

0
! I Sy, +C0 + CH, (2.38)

Other examples of photochemical reactions of carbonyl compounds may be

found in the 1iteraturé95’114’141

2.9 Effect of Oxygen in Photochemical Reactions

The exclusion of oxygen from photochemical reactions is frequently
of vital importance. The quenching of excited states by oxygen has been
known for many years.216 Explanations for this quenching by oxygen217
include transfer of electronic energy to oxygen218 resulting in excitation
to a low-lying singlet state.

Since(oiygen is paramagnetic, spin-orbit interactions in an
excited molecule may be enhanced, allowing relaxation of restrictions
relating to singlet-triplet transitions.219 Oxygen may be involved in
the formation of a charge-transfer complex with a molecule in its
exclted state. This could catalyze internal conversion processes.220
Oxygen may actually be incorporated in photochemical oxidation

reactions, there being two possible reaction mechanisms.221 The first
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is a photosensitized oxidation mechanism involving hydrogen abstraction by
excited sensitizer followed by indiscriminate addition of oxygen to the

new radical (2,39).

S —229 *Se« (photobiradical)
+Se + AH 4 +SH + A

Ae + 02 - AO0O»

(2.39)
AOO« + AH - AOOH + A

AOO» + «SH -+ AOOH + S

(S = sensitizer;AH = hydrogen donor),.

This mechanism accounts for the formation of hydroperoxides from the
photosensitized irradiation of secondary alcohols in an atmosphere of
oxygen, an example being the benzophenone-sensitized oxidation of

isopropanol with formation of (31).

(CH3)20-0H
OOH

(31)

This reaction would interfere with photopinacolization. The
hydroperoxide decomposes in aqueous solution to give acetone and
hydrogen peroxide (eq.2.40)

H,0

2
(CH3)2f-0H —_ u202 + (CH3)ZCO (2.40)

OOH
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The second mechanism is a photosensitized oxygen transfer involving
direct combination of the sensitizer with oxygen, only biradicals taking

part in the reaction (2.41).

s -y g,
+Se + 0. - +S00. (2.41)

2
A + +800¢ = AO2 + 8

Foote has suggested that singlet oxygen is the sole agent in the

transfer step (2.42).222

S+ + 0, (triplet) =+ S (ground state) + 0, (singlet)

(2.42)

A+0, (singlet) = A0,

An example of photooxidation by the second general mechanism 1is

the oxidation of furans (eq. 2.43).223

ﬂ\ hy, aensitizer!
0 0 o1\
CH3 CH3 2 CH3 CH3

0—20

(2,43)
ROH
r_‘—-
CH% —>< c,
R 0 OOH
Oxygen may effect extremely complex reactions, For example,

products from the photooxidation of acetone224 include HZCO, HZ

COOH, HCOOH, CH3OOCH3 + higher molecular weight products,

0, CH.OH,

3

CH,00H, CH

3 3

Possibly 140 reactioms could be occurring!
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Photooxidation of polymers has already been mentioned in Chapter L.

2.10 Selection of Starting Materials for Step-Growth Photopolymerization

Involving the Paterno—Buchi Reaction

In principle the Paterno-Blichi reaction may be used in either of
two ways in attempts to prepare polymers containing oxetane rings in the
main chain. Irradiation of monomers containing both carbonyl and olefinic
functions (eq. 2.44),o0r irradiafion of equimolar mixtures of dicarbonyl

compounds and dienes (eq. 2.45) may give the desired products.

0 i
” \ / -C— 0
hy
C c=C. —= | (2.44)
7NN C—C—X
)0 a
- -
Q 0 —(‘: 0 0 |c
N - ——
N e e T | @
X 7 Ny N\ +4-c—c¢ c—c¢
I INx7) 1INyt
L - n

Bearing in mind the criteria for step-growth polymerization and the
possible competing reactions, especially of aliphatic ketones and
aldehydes, aromatic ketones were chosen for study as dicarbonyl compounds,
The analogy between the Paterno-Buchi reaction and photopinacolization,
together with initial preference for use of known monomers, obtainable
in a high state of purity, led to the selection of benzophenone-type
aromatic diketones which were known to form polypinacols by a step-growth

mechanism (Chapter 1, section 1.10).
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The necessity for near quantitative yields in coupling reactions 3
and the similarity in the environment cof the carbonyl groups in selected
diketones to that of the carbonyl group iq benzophenone, indicated that
an essential requirement was for benzophenone to undergo photocyclo-
addition to both double bonds of any selected diene in high yield with
the formation of benzophenone-diene 2:1 adducts,

109,166 revealed few such

Examination of the available literature
reactions, but tetramethylallene and furans seemed to be dienes worthy of
investigation; Their photoreactions with benzophenone are discussed in

Chapter 4,



CHAPTER 3

SYNTHESIS OF AROMATIC DIKETONES

INTRODUCTION
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3.1 Principal Routes to Aldehydes and Ketones

Several general methods are available for the preparation of
aldehydes and ketones.225 They may be divided into three principal
routes:

1) Oxidation of an organic compound to one containing a

carbonyl group.

2) Modification of a compound already containing a carbonyl
group, such as a carboxylic acid or derivative, into an

aldehyde or ketone.

3) Introduction of carbonyl or potential carbonyl groups

into an organic compound with formation of new C-C bonds.

Included in the third principal route is the Friedel-Crafts reaction,

readily applicable to the synthesis of aromatic diketones.

3.2 The Friedel-Crafts Reaction

The first report by Friedel and Crafts of an alkylation reaction
ﬁsing anhydrous aluminium chloride as 'condensing agent' was made in
1877.226 Subsequent investigations by Friedel and Crafts showed aluminium
chloride to be a highly versatile catalyst effecting alkylations,
dealkylations, acylations, polymerizations and many other reactions. The
original scope of the reaction has been extended to cover many variations
of reagent, acid catalyst system and related reactions such as those
involving the formation of bonds from carbon to various other atoms
including O, N, S, P, B and halogens. The reaction is of great value in
227

organic syntheses and has been the subject of extensive documentation.

Its use may be conveniently divided into three categories:
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i) Alkylations and related reactions .
ii) Acylations and related reactions

iii) Miscellaneous reactions .

The acylation reaction provides a major route to ketones and is discussed
in the following section with particular reference to aromatic ketone

synthesis,

3.3 Aromatic Ketone Synthesis by Friedel-Crafts Reactions

Friedel-Crafts ketone synthesis essentially involves reaction between
an acyl component and an aromatic substrate in the presence of a catalyst.
A common example is reaction between an acyl halide, a benzene derivative

and aluminium chloride (eq.3.1).

AlCl
RCOC1l + ArH —————é) ArCOR,AlCl3 + HC1 (3.1)
(a) Mechanism
The mechanism of the acylation has been the subject of detailed
' 228
investigation and thorough review.
The reaction may be represented simply and generally by the scheme
(3.2) for metal halide catalyst Mxn, acyl component RCOY and benzene
substrate.

MXn + RCOY —== RC=0:M.Kn (3.2(1))

Y



122,

RC H +

RC=0:MX + @ A, ‘ [MXnY]' (3.2(ii))
Y

RC=0

+ HY + MX
n

RC=0 RC=0:MXn

+ MK = (3.2(1i1))

Step (3.2(i)) involves complexation between acyl component and

catalyst. Structures proposed for addition compounds of A1C13 with acid

chloride include (32)-(36).228

0:AlCl1 0
o/ 3 74 oo -
R-C\\ ; R-C ; RCO AlCl4 s
Cl \\CI:A1C13
(32) (33) (34)
ﬁl
+ -
RC=0: A1C12 A1C14 and R-TOAlCl2
cl /2 , cl

(35) (36)
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It has been shown that (32) and (34) are the major species serving

228,229

as electrophiles. For aluminium halide catalyzed benzoylations the

favoured mechanistic postulates are:

a) Reaction of aromatic with oxonium compound (3.3),

0:ALCL 0:AlCl3 0:ALCL,
s :
RC + ArH ——> RC-ArH + RC-Ar + HCl (3.3)
Nat : l
cl

b) Reaction of aromatic and acylium ion (3.4).

0:AlC1
V4 3 + -
RC — s RC=0 + A1C14 (3.4)
:
cl
0 _ O:AlCl3
I + awc1

+
RCE0 + ArH T== RCArH ——5%% RCAr + HCI

A third mechanism involves participation of compléx (33).

Oxonium compo;nds (32) are probably the principal forms present in
non polar solvents and benzoyl chloride, and Gore has stated that for
most acylation reactions mechanism (3.3) is generally the most likely.230
In contrast Jensen states that the second acylium ion mechanism (3.4)

has received the most favour.228

(b) Catalzst5230

The most popular choice of catalyst has long been aluminium
chloride, it being cheap and possessing high catalytic activity. For
routine work commercially available aluminium chloride is sufficiently
pure, Traces of water have been used both to moderate and accelerate
reactions, the activating influence of water being explained by formation

of hydrates of the type [A1X30H]-H+ functioning like other strong proton
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acids.z31 Other metal halides used with acyl halides include AlBr3,

beclj, FeBrJ, SbLlS, ShBrJ, T1C14, NbCls, GaClj, and ZtC14. Rates of

benzoylation have been found2J2 to follow the sequence ;

SbCl5 > FeCl3 > GaCl3 > AlCl3 > SnCl4 > BC13 > SbCl3 )

Metal powders (e.g. Zn, Cu, Al, Fe), mineral and other acids, salts,
acid anhydrides, BF3 complexes and iodine are amongst many other catalysts

employed.

(c) Acyl Component323o

Any substance convertible to a potential acyl cation or other
reactive entity under the influence of a catalyst or by heat alone may
be suitable as the acyl component.

Commonly used reagents include acid halides, anhydrides, esters and
carboxylic acids. Acyl chlorides are most commonly used with aromatic
substrates; the other three classes of reagent are first coﬁverted into
acyl halide by the catalyst and then into the reactive complex. Complex
formation is represented stoichiometrically for AlCl3 catalyst by the

equations (3.5)-(3.8).

RCOC1 + A1013 -+ RCOCL.ALCL, (3.5)
RCOOH + 2A1Cl, - RCOCL.ALCl, + ALOCL + HC1 (3.6)
RCOOR' + 2A1CL, + RCOCL.AICl, + AlOCL + R'CL (3.7)
(RCO)20 + 3A1Cl; -+ 2RCOCL.ALCl, + Al0Cl (3.8

Reactivity of acetyl halides used with A1C13 catalyst and benzene

substrate decreases with increasing electronegativity of the halogen.233
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In other cases the reactivity order may be changed and useful
generalizations are not possible.

The use of aliphatic acid anhydrides is reported to offer several
advantages over acld chlorides including more ready availability in a
pure state, greater ease of handling, smaller yields of by-productsand
tars and easier ketone purification.234 Inherent advantages in use of
acetic anhydride over acetyl chloride have, however, been questioned.230
The use of esters results in both alkylation and acylation, an example
being reaction between benzene and ethyl acetate (AlCl3 catalyst) when
both ethylbenzene and acetophenone occur amongst the known products,

Benzoyl halides and substituted derivatives react readily with

aromatic substrates. Amongst other acylating agents are ketones, silanes,

boranes and germanes,

(d) Substrate8230

A vast number of substrates have been used including benzene
and other benzenoid compounds, polycyclic compounds and heterocyclic
compounds .,

A comprehensive compilation of acylations used for aromatic ketone

synthesis is available.230

(e) Experimental Conditions

The stoichiometric equations for formation of the reactive
complexes with A1013 have already been given (eqs. 3.5-3.8). In practice
the optimum number of moles of AlCl3 to acyl component has been found
to be 1.1, = 2, 2,2, = 3 for acid chlorides, carboxylic acids, esters and

anhydrides respectively. A deficiency of catalyst tends to lower the
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overall yield because of incomplete utilization of acyl component and
may cause self-condensation of only partially complexed ketone, an

example being dypnone formation during benzene acetylation via self-

condensation of acetophenone (eq. 3.9).235
CH 0 CH 0
| 3 1 alc, | 2
Ph-C=0 + CH;-C-Ph ——— Ph-C=CH-C-Ph (3.9)

Excess catalyst generally gives appreciable amounts of tar, often
making ketone purification extremely difficult.

Several variations are possible in the sequence of addition of
reactants. The catalyst and acyl component may be mixed prior to
addition of or to the substrate, Alternatively the acyl component or
the catalyst may be added as the last reactant, this method resulting in
a continuous variation in acyl component/catalyst ratio and having a
marked effect on the reproducibility of results.

The reaction may be performed with neat reactants or in the presence
of a suitable solvent, frequently nitrobenzene or carbon disulphide.

In a polar solvent such as nitrobenzene reaction is essentially
homogeneous, A1013, the acyl halide—AlCl3 complex and often the ketone-
AlCl3 complex being soluble. 1In non polar solvents, neither AlCl3 nor
its acyl halide complex is appreciably soluble and reaction is largely
heterogeneous. Solvents of intermediate polarity, such as dichloro-

m ethane, may be used.

Reaction in a homogeneous medium will provide greater catalytic
surface area and solvent may prevent irreversible side reactions.
Polycyclic aromatic hydrocarbons, for example, tend to undergo

rearrangement, self-condensation or polymerization with AlCl3 in the
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absence of a solvent.236 Solvent may have a profound effect on the yield
of ketone, and on position of substitution especially with polycyclic
aromatic hydrocarbons as substrates. Naphthalene gives mixtures of

o- and B-ketones in most Friedel-Crafts acylations although 'normal’
electrophilic substitution gives almost exclusively the a-isomer.
Explanations of this effect have included steric factors involving

formation of a bulky complex from acyl chloride, AlCl, and nitrobenzene

3
solvent, and reversibility of acylation with rearrangement of any a-

isomer to the more stable B-isomer.

(f) Limitations?-0
Side reactions may limit the yield of the reaction and ease of

purification of the required product. 'The use of AlCl,, for example,

3)
gives rise to such side reactions as intra- or inter-molecular migration

of alkyl groups, removal of alkyl groupé preceding or accompanying

acylation, replacement of halogen atoms and splitting of ortho-alkoxy

groups. Thus cumene reacts with acetyl chloride and A1C13 to give the
products shown in (3.10).
CH(CH,), CH(CH,), Ac CH(CH3)2
Accl T + + (3.10)
AlCl3
Ac Ac CH(CH3)2
23% 30% 40%

The usual limitations of electrophilic aromatic substitution as a
synthetic route apply equally in this case. The deactivating effect of an

acyl group introduced into a benzene nucleus generally limits the reaction
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to monosubstitution. A second acyl group may, however, be introduced
if this deactivation is offset by substitution of powerfully electron

releasing OH or OR groups (e.g. 3. 11), or if the deactivating effect

OCH3 OCH3
Ac Ac
AcCl
W (3.11)
3
Ac

of an acyl group attached to the nucleus is reduced by the presence of
two ortho-alkyl groups which prevent the acyl group attaining the

conformation necessary for effective conjugation (e.g. 3.12).

Ac Ac
CH CH CH CH
3 AcCl K} 3
—E} O (3.12)

Ac

(g) Synthesis of Aromatic Diketones

Two Friedel-Crafts routes may be envisaged to aromatic diketones
of the type (37).
0 0

Ar—C—Ar'— C—Ar
(37)

Using acyl chlorides and aluminium chloride they may be represented
by equations (3.13) and (3.14).

T AlClL b 9

, I
2ArH + Cl-C-Ar'-C-Cl —3 ArC-Ar'-L—Ar + 2HC1 (3.13)
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0 0 0
Il alcl, | I
2ArC-Cl + H-Ar'~H ———=> Ar-C-Ar'-C-Ar + 2HC1 (3.14)

The first route stoichiometrically requires one mole of bis(acyl chloride)
to two moles of aromatic substrate. The second route requires two moles

of acyl chloride to one mole of aromatic substrate.

i) Reaction between a bis(acyl chloride) and aromatic substrate

This route is especially applicable to readily obtainable aromatic
dicarboxylic acid chlorides and is illustrated by the synthesis of m-237
2
and p- 38 dibenzoylbenzenes. These diketones have been prepared using

excess benzene as substrate, isophthaloyl and terephthaloyl dichlorides

as acyl components and AlCl, catalyst (eq.3.15).

0
_" AlCl, | )
g o0 = olg -

(3.15)
Their preparation has recently been described in connection with
photopinacolization studies - see Table 3.1.90

TABLE 3.1
Preparation of m- and p-Dibenzoylbenzenes
Yield of Solvent used M.p. of
Diketone Diketone (%) |[in Preparation |Diketone (°C) Reference

m-dibenzoylbenzene 45 Excess benzene 109-110 90
p-dibenzoylbenzene 25 " 161-162 90
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ii) Reaction between mono acyl chloride and aromatic substrate

Aromatic diketones of the type (38) have been prepared by
reaction between benzoyl chloride and substrate of type (39). Data for

such syntheses is given in Table 3.2 together with appropriate references.

olo-ele  ©-©

(38) (39)

a,8-Diphenylalkane (X = (CHZ)n) substrates closely resemble
alkylbenzenes in reactivity, the paraffin bridge effectively isolating one
ring from thelother and allowing disubstitution to occur in which each
aromatic ring is monosubstituted. For diphenylalkanes where n =1 or 2,
diketones have been obtained by direct addition of the neat diphenyl-

alkane to a mixture of benzoyl chloride and AlCl For diphenylalkanes

3
where n = 2,4,6, and 10, various solvents have been employed, solvent
choice sometimes considerably affecting yield. For example, with 1,6-
diphenylhexane substrate and carbon disulphide solvent, no diketone was
isolated, whereas with nitrobenzene as solvent, the yield of diketone
was 43%.241

Diphenyl (X = (CHZ)O) can be benzoylated at one or both of its para
positions?39 4,4'-dibenzoyldiphenyl being prepared by reaction between

excess benzoyl chloride and diphenyl with AlCl, catalyst,

3
; = 242
Diphenyl ether (~X- = -0-) may similarly be monobenzoylated or

dibenzoylated243 in the para positions with carbon disulphide as solvent.
Preparation of several of these diketones has again been recently

described in connection with photopinacolization studies.go’91
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Aromatic Diketone Syntheses by Benzoylation of <:::>>—~X-—<<::j> substrates

X Yield of Solvent used M.p. of Ref
diketone (%) | in preparation Diketone (°C) eterence

-0- 90 082 163-4 243
50 CS2 163-4 90
(CHZ)O 50 None 218 239
41 None 219-220 91
(CHZ)I 50 None 147.5-148.5 240
12 None 145-147 9]
(CHZ)2 64 CS2 177 241
45 None 241
50 None 174.5-176 240
52 None 175-6 91
(CH2)4 75 082 152 241
(CH2)6 - CS2 241
- petroleum ether 241
43 nitrobenzene 104 241
(CHZ)IO 20 nitrobenzene 75 241
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3.4 The Wurtz-Fittig Reaction

Coupling of two molecules of alkyl or aryl halides, with elimination

halogen, occurs on reaction with sodium (eq.3.16).
RX + R'X + Na -+ RR' +RR + R'R' + NaX (3.16)

This reaction is named after the French chemist Wurtz. The original
reaction between alkyl halides was modified by Fittig who found that
unsymmetrical coupling between an alkyl halide and an aryl halide (Wurtz-
Fittig reaction) was a more practicable process yielding more easily
separated products.244 For example,methyl bromide condensed with bromo-
benzene in the presence of sodium yields toluene (b.p. 111°C) which 1s
readily separable from by-products ethane and (thenyl.

The reaction is frequently carried out in ether solvent.

(a) Mechanism
. 245
Two plausible mechanisms have been suggested for the Wurtz
reaction. The one mechanism involves the formation of free radicals which
may couple to give product, reaction between bromobenzeme and ethyl

bromide being recpresented by equations (3.17),

C6H53r + Nae« -+ C6H5- + NaBr

2C6H5o - C6H5-C6H5

C2H5Br + Na» = CZHS- + NaBr (3.17)

ZCZHS- -+ CZHS-CZH5

C6H5- + CZHS- -+ C6H5-C2H5

of
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The alternative mechanism involves the formation of organo-sodium

compounds (egs. 3.18).

C6HSBr + 2Na

-t
C6H5 Na + CZHSBr

CZHSBr + 2Na

-+
CZH5 Na + C2H5Br

-t
CZHS Na + C6H53r

~g.t
C6H5 Na + NaBr

C6H5-C2H5 + NaBr

-t
C2H5 Na + NaBr

CZH5-CZH5 + NaBr

C6H5-CZH5 + NaBr

(3.18(1))
(3.18(1ii))
(3.18(iii))
(3.18(iv))

(3.18(v))

Since reaction (3.18(i)) is fast compared to reaction (3.18(iii)), a

better yield of product will be expected from a Wurtz-Fittig reaction

245
compared to a Wurtz reaction,

reaction.

reaction (3.18(ii)) being the main

Experimental evidence has been cited in favour of both mechanisms,

By-products have been explained on the basis of disproportionation

between two free radicals, an example being formation of benzene and

ethylene by-products from reaction of sodium phenyl and ethyl bromide

(eq.3.19).24

The formation of triphenylene and o-diphenylbenzene as by-products

6

C6H5- + CZHS-

-+ CH, + CH

2°4 66

(3.19)

in the synthesis of diphenyl from chlorobenzene and sodium has been

reconciled with formation and reaction of free phenyl radicals (3.20).2

47
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(3.20)

Sodium alkyls and sodium aryls have also been postulated as
intermediate3248 and 'disproportionation' may be explained by simultaneous

elimination and substitution in reactions of organo-sodium compounds with

249,250

alkyl halide, for example (3.21).

C2H5CH=CH2 + n-C4H10 + NaCl

nCaﬂgNa + nC4H9C1 (3.21)

n-C8H18 + NaCl

Several optically active halides give optically active products with

predominant inversion of configuration consistent with an S,2 type

reaction involving intermediate sodium alkyl.251

N

(b) Synthesis of «,w-Diphenylalkanes

o, w-Diphenylalkanes may be prepared in good yield by a Wurtz-

Fittig reaction between bromobenzene, sodium and a,w—dibromoalkane.252

Reaction proceeds according to the equation (3.22).
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2PhBr + Br(CHz)nBr + 4Na -+ 4NaBr + Ph(CHZ)nPh (3.22)

Van Alphen252 reports yields of 40-75% where n = 3,5,6 and 10.
. o 241 _
A yield of 54% is reported for n = 4.

Cycloparaffins are thought to be side-products, and 1,20-diphenyl-
eicosane is probably also formed with 1,10-dibromodecane starting
material.252 However no 1,6-diphenylhexane could be detected from 1,3-
dibromopropane. 1,2-Dibromoethane gave only ethylene and diphenyl,
explained by the 1,2-dibromoechane reacting more quickly with sodium,

forming ethylene, than with the aromatic sodium derivative,




DISCUSSION
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3.5 Synthesils of a,w-Diphenylalkanes

The o,w-diphenylalkanes, Ph(CHZ)nPh, (n = 3;4,5,6 and 10) were
prepared by a Wurtz-Fittig sodium coupling reaction between the
corresponding a,w-dibromoalkane and bromobenzene, following the procedure
of Van Alphen.252 All preparationg were straightforward, giving the «o,w-
diphenylalkanes in yields of between ca. 30% and 70%.

Fractional distillation of the reaction products under reduced
pressure gave several fractions with boiling points in the vicinity of
literature values.252 Fractions of identical infrared spectra and with
boiling points varying by a maximum of 10° from the published boiling
point were combined and used in the subsequent benzoylation reactions;
yields from these apparently slightly impure a,w-diphenylalkanes gave
yields of diketone comparable with the yields obtained from the
commercially available o,w-diphenylalkanes such as 1l,2-diphenylethane.

Infrared spectra of the o,w— diphenylalkanes exhibited bands typical
of aromatic and aliphatic systems. Combination and overtone bands from
the phenyl groups were particularly prominent in the 2000-1700 cm-1 region.

Mass spectra of typical g,gp~diphenylalkanes (n = 3,6) showed parent
peaks at m/e 196 and 238 respectively. Particularly promiﬁent peaks were
)

observed at m/e 91 (C,H +, tropylium ion) and m/e 77 (C6H

77 5

A typical n.m.r. spectrum (n = 10) bore a close resemblance to
spectra of higher 4,4'-dibenzoyldiphenylalkanes (section 3.6, Table 3.4),
showing the following features: 6§7.2-7.0 (10 protons), §2.7-2.35 (4

protons), §1.7-1.1 with strong absorption at §1.25 (16 protons).
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3.6 Friedel-Crafts Synthesis of Aromatic Diketones

Aromatic diketones of the type PhCO-Ar'-COPh (37), as enumerated

below, were prepared by Friedel-Crafts synthesis,

Reference No.

(40)

6/
©0>

X=0 (42)
X = (CHy)y  (43)
X = (CH,), (44)
X = (CH,), (45)
X = (CH,), (46)
X = (CH,), (47)
X = (CH,), (48)
X = (CH,), (49)

X = (CHZ)10 (50)

The preparations of m-dibenzoylbenzene (40) and p-dibenzoylbenzene
(41) followed published routes,90 involving reaction between the
appropriate phthaloyl dichloride and benzene (AlCl3 catalyst).
Recrystallization of crude products ylelded the diketones as white crystals
without diffiCUlt&. Purification of (42)-(50) from benzoylations of o,q-
diphenyl compounds often proved more difficult although published

90, 91,241

routes to several of the diketones were followed.
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(a) Problems in the Friedel-Crafts Synthesis of (42)-(50)

Reaction periods for actual benzoylations varied from 1 to 6
hr., typical reaction periods being shown in Table 3.6 (section 3.8).
Calloway and Green235 have pointed out the difficulties in determination
of the point at which HCl evolution ceases and assessment of the
completion of reaction, and the possibilities of extended reaction time
decreasing the yield of ketone. Although reaction periods were varied
as were proportions of benzoyl chloride and aluminium chloride, no
particular correlation was found between these factors, tar formation and
yield of diketone. A detailed study of one particular diketone
preparation might be more informative with respect to optimization of
yields. Diketones (43), (44), (45), (49) and (50) were successfully
prepared by direct reaction between «,w-diphenylalkane, benzoyl chloride
and AlLCl,. Diketones (42), (46), (47) and (48) were prepared by
benzoylation in the presence of carbon disulphide solvent.

No pure (46) and (48) could be obtained when benzoylations without
solvent were attempted. The vast amount of tar produced could not be
separated from the desired products. The use of carbon disulphide solvent
gave a cleaner reaction although the resulting crude products could still
not be purified directly by recrystallization.

Even after removal of any tar, crude diketones were generally
deeply yellow in colour. Repeated recrystallization and/or refluxing
with decolourising charcoal usually proved successful in producing white,
pure product, but often ten or more such recrystallizations were

necessary to obtain white material.
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Column chromatography proved partially successful as a purification
technique, Thus column chromatography of crude yellow (44) on silica
gel (chloroform eluent) yielded a much less highly coloured sample of
the diketone requiring fewer recrystallizations to give white product of
constant melting point. However, the relative efficiency of column
chromatography as a purification technique, taken together with its time-
consuming néture, usually did not warrant its use in place of repeated
recrystallization. Chromatography on other media such as alumina or
florisil and the use of eluents other than chloroform proved no more
successful, Filtration of solutions of crude diketone through columns
of decolourising charcoal and attempted sublimation of crude diketone
were also unsatisfactory.

Attempts to recrystallise crude (46) and (48) proved unsuccessful
yielding oils apparently no purer than the initial crude materials. The
crude diketones were therefore 'vacuum' distilled to yield a partially
purified viscous yellow material, as a necessary step prior to
recrystallization. For (48) preliminary column chromatography on silica
gel also proved a necessary precursor to recrystallization which was
eventually achieved only from alcohol solutions cooled to ca. -30°¢.

The concentration of diketone in the recrystallization of (46) and (48)
also proved to be a crucial factor, too concentrated a solution yielding
an oil and slightly too dilute a solution failing to yield amy solid
product even on cooling to ca. -30°Cc. These problems in recrystallization
are consistent with the relatively low melting points of the two diketones.
The syntheses of (46) and (48) by Friedel-Crafts benzoylation have not
apparently been previously achieved despite investigations of the

applicability of this reaction.230
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The required high standard of purity for each diketone was attained

at the expense of higher yields,

(b) Characterization of the Aromatic Diketones

Satisfactory elemental analyses were obtained for the diketones.
Diketones were not analysed until at least three successive recrystallizations

gave material of constant melting point.

i) Infrared Spectra

The infrared spectra of diketones (40)-(50) are recorded in

Appendix C.

The aromatic diketones showed a strong C=0 stretch around 1660-
1650 cm-l, characteristic of conjugation with two benzenoid units.
Aromatic C-H stretch was observed in the 3100-3000 cm-1 region and
aliphatic C-H stretch (for 4,4'-dibenzoyldiphenylalkanes) between ca.
2940 and 2860 cm-l. Other typical aromatic and methylene chain absorptions
were observed in the relevant regions. A particularly strong resemblance
between the spectra of the 4,4'-dibenzoyldiphenylalkanes (44)-(50) could

be noticed.

ii) Mass Spectra

Mass spectra of the diketones are tabulated in detail in
Appendix B.
, 253a .
As is generally the case for aromatic ketones, molecular ions
were clearly observed, the parent peak being the base peak for (43), (47)
and (48) and prominent with most of the other diketones. The base peak
for (40), (41), (44) and (49) was at m/e 105 (C H,CO +). Other base peaks

65

included m/e 91 (C7H7+ ion) for (50) and m/e 77 (CGH+) for (46).
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Breakdown patterns were characteristic of aryl ketones with loss of
C6H5+ etc. from the parent, and metastable peaks commonly being observed
with loss of CO, for example at m/e 56.5 corresponding to the
fragmentation (3.23).

-C0
c6usco + ——> C6H5+ (3.23)

Peaks corresponding to fragmentation of the methylene chain were
often abundant in the 4,4'-dibenzoyldiphenylalkane spectra. Thus, for
example, the base peak in the spectrum of (45) was at m/e 195 corresponding
to cleavage of the central C-C bond of the methylene chain, this
fragmentation route being analogous to that observed for 1,2-diphenyl-
253b

ethane. Other methylene chain fragmentation modes were likewise

analogous to those of the appropriate o,w-diphenylalkanes.

iii) Ultraviolet Spectra

Details of absorption wavelength maxima (Xmax) and

* *
corresponding extinction coefficients (e¢) for the n + m and m =+ n

absorptions (in 95% ethanol) of the diketones are given in Table 3.3.

The spectra of the 4,4'-dibenzoyldiphenylalkanes resembled one
another closely. Introduction of a methylene group between two
chromophores is generally considered capable-of. destroying conjugation254

L= 955
and the spectra compared favourably with spectra of benzophenone [hm
333 cm, (e 160); N pax 253 nm (e 18,000)}and particularly alkyl
substituted benzophenones such as 4-methylbenzophenone [kmax 330 nm, (e
230); M ax 260 nm (¢ 17,500)] and 4-ethylbenzophenone [Kmax 330nm, (e
250); M ax 259 nm (¢ 17,400)] determined in 95% ethanol. The two

benzophenone type units in the 4,4'-dibenzoyldiphenylalkanes show an

additive effect.




Ultraviolet Spectra of Aromatic Diketones (40)-(50)2

TABLE 3.3

n =+ ¥ transition

m 4 7 transition

Diketone
)\max € X 10-2 )‘max € X 10..4

(40) 333 2.5 252 2.8
(41) 335 4.2 264 2.9

Strong absorption observed at A ax
(42) _ "

289 nmm (¢ = 26,000)
(43) Submerged under 300 3.6

'3 .

m-+m transition
(44) 330 4.4 264 3.2
(45) 330 4.4 262 3.5
(46) 330 4.5 262 3.5
(47) 330 4.4 263 3.5
(48) 330 4.4 261 3.5
(49) 330 4.4 261 3.3
(50) 330 4.3 261 3.2

a.

All spectra'recorded in 95% ethanol.

142.
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The bathochromic shift of the m =+ n* transition with increasing
conjugation in going from benzophenone to (40), (41) and (43) has already
been reported,91 the n -+ n* transition of (43) being completely submerged
under the m -« n* transition. This may be compared with the spectrum of

4-phenylbenzophenone, where the lowest triplet is n,n*.w4

From the present work, howevef, it was noted that the n =« n*
absorption of (40) was about as well resolved from the m -+ n* absorption
as it was in the 4,4'-dibenzoyldiphenylalkanes. In (41), the n - n*
transition was less well resolved and could be observed as a shoulder on
the -+ n* absorption.

In benzene and cyclohexane the Kmax of the n =+ ﬂ* absorptions were
in the 342-347 nm region whilst the lmax of the m n* absorption
remained relatively stationary in the various solvents. The hypso-
chromic shift of the n = n* transition with increasing solvent polarity
is indicative of the increasing degree of hydrogen bonding lowering the
energy of the 'n' orbital.

A spectrum of (42) in 95% ethanol showed an absorption in the 325-
350 nm region merging into a strong absorption, kmax 289 nm (e 26,000)
and it was not possible to obtain a meaningful value of ¢ or lmax for the
n 4 n absorption. In cyclohexane the n = n? absorption was clearly
distinct, Amax 346 nm, and the intense absorption appeared at xmax 282
nm. Very low solubility of (42) in cyclohexane precluded determination
of ¢ for the n - n* absorption.

(iv) N.m.r. Spectra

N.m.r. spectra of some typical 4,4'-dibenzoyldiphenylalkanes

are recorded in Table 3.4.
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TABLE 3.4

N.m.r. Spectra of 4;4'-Dibenzoyldi:phenylalkanesa

Aromatic Protons Aliphatic Protons

Diketone
Chemical shift® N °f ' cpenical shige® NO- of
protons protons

(44) 7.9 -7.2 18 4.0 (singlet) 2
(45) 7.9 -7.2 18 3.05 (singlet) 4

(46) 7.95-7.2 18 2.9-2,55 4
(multiplet-

broadened

triplet)

2.25-1.8 2
(unresolved
multiplet)

(48) 7.8 -7.1 18 2.85-2.45 4
(multiplet-

broadened

triplet)

1.9-1.4 6
(unresolved
multiplet)

Notes a. Spectra recorded in CDCl, solvent,

3

b. Chemical shifts are § values in ppm relative to
internal T M S.



145,

Satisfactory integrations were obtained in all cases. The methylene
protons in the higher 4,4'-dibenzoyldiphenylalkanes appeared as multiplets
in two general regions. Methylene protons @ to the aryl group appeared
in the region 62.9-2.45. Other methylene protons appeared as broad

unresolved multiplets upfield relative to the &-methylene protons,.



EXPERIMENTAL
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3.7 Preparation of Diketones from Friedel-Crafts Reaction of Bis(acyl

chlorides) and Benzene

(a) Preparation of m-Dibenzoylbenzene

To a stirred solution of isophthaloyl dichloride (50 g., 0.246
mole) in dry benzene (400 ml), anhydrous aluminium chloride (80 g., 0.60
mole) was added in small portions. The solution was refluxed for 2 hr .,
cooled and hydrolysed by pouring into 10% HCl-ice water solgtion (2.5 1).
After evaporation of the benzene, the resulting crude material was
filtered off and washed successively with a 5% aqueous solution of
sodium carbonate, a 5% aqueous solution of HCl, and water. The crude
product was then recrystallized from cyclohexane_ﬁo a constant melting
point to give m-dibenzoylbenzene (21 g., 30%, m.p. 103-104°, (1it.
99.5-100°: 237 109-110°%%). Found: €,83.92; H,4.64%. Calculated for

Czo“14°2: C,83.90; H,4.93%).

(b) Preparation of p-Dibenzoylbenzene

Following the same procedure as for m-dibenzoylbenzene but
substituting terephthaloyl dichloride for isophthaloyl dichloride, the

crude product was recrystallized from carbon tetrachloride to give

p-dibenzoylbenzene (7.5 g., 11%, m.p. 159-1600, (1it. 160—1610,238

161-162° 90). Found: C, 84.25; H,4.63%. Calculated for CZOHIQOZ:

C,83.90; H,4.93%).
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3.8 Preparation of Diketones by Friedel Crafts Reaction Between

Diphenyl Compounds and Bengoyl Chloride

Aromatic diketones of the type (38) were prepared by Friedel-Crafts

O MOy x4 D) x-0. ox @y,

(38) where n = 0,1,2,3,4,5,6 & 10.

benzoylation of the appropriate diphenyl compound. Diphenyl, diphenyl
ether, diphenylmethane and 1,2-diphenylethane were commercially available
as laboratory reagent grade chemicals, and were used without further

purification.

(a) Preparation of or,w-Diphenylalkanes252

o,w-Diphenylalkanes [X = (CHZ)n’ n = 3,4,5,6 and 10] were

prepared by Wurtz-Fittig reaction of «,w-dibromoalkanes with bromobenzene.

A mixture of q,w-dibromoalkane (1 molecular proportioﬁ) and bromo-
benzene (> 2 molecular proportions) was added dropwise with stirring to
thinly sliced sodium ¢ 4 molecular broportions) in dry ether. A deep
blue colour formed fairly rapidly. After any initial violent reaction,
controlled by coéling with ice, the mixture was stirred at room
temperature for 24 hr . The ethereal solution was then filtered, the
solid residue being washed with ether, and then residual sodium was
carefully destroyed by addition of alcohol. The filtrate and ether
washings were combined, the ether removed and the resulting residue
fractionally distilled under reduced pressure to yield the &,w~diphenyl-

alkanes as colourless liquids. Although fractions of a fairly wide




148.

boiling range were'combined, spectral data (infrared, n.m.r. and mass
spectra) proved satisfactory,
Data for typical preparations of individual @,y-diphenylalkanes is

summarized in Table 3.5.

(b) Friedel-Crafts Benzoylation of Diphenyl Compoundsgo’gl’241

i) Benzoylations in the Absence of Solvent

The diphenyl compound was slowly added to a well stirred
mixture of powdered anhydrous Alcl3 and benzoyl chloride, with rapid
darkening of the reaction mixture. The mixture was stirred at 80-90°¢C
to complete reaction, partially cooled and poured into a 10% HCl-ice~
water solution. The crude product was filtered off, washed with alkali
a;d then with water, The resulting material was then repeatedly
recrystallized to a constant melting point.

On initial recrystallizations, tars tended to separate out from
the cooling solutions before the appearance of any crystals, As soon as
tar separation appeared complete, rgcrystallizing solutions were
decanted off from the tars and allowed to stand for several hours where-
upon yellow crystals of impure diketone generally formed. Repeated
recrystallization of this material together with refluxing in the presence
of decolourising charcoal was necessary to obtain pure product. In some
cases it was found beneficial to change solvents during the recrystallization
processes,

Preparative data on typical preparations of individual diketones is

given in Table 3.6.
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(ii) Benzoylations with Carbon Disulphide as Solvent

Benzoyl chloride (ca. 2.4 molecular proportions) was slowly
added to a vigorously stirred mixture of diphenyl compound (1 molecular
proportion) and powdered anhydrous A1C13 (ca. 2.8 molecular proprtions)
in carbon disulphide. After spontaneous refluxing had subsided, the
solution was refluxed for a few hogrs, cooled and boured into 10% HCl
ice-water solution. Following evappiation of the carbon disulphide, the
resulting crude product was filtered off and purified by combinations of
'vacuum' distillation, column chromatography and recrystallization
(together with boiling with decolourising charcoal) until repeated
recrystallization gave products of constant melting point.

Crude products obtained in the preparation of 1,3-(4,4'-dibenzoyl-
diphenyl)propane and 1,5-(4,4'-dibenzoyldiphenyl)pentane were subjected,
before recrystallization, to distillation under reduced pressure (10-3
-10-4 mm Hg) to give

1) benzoic acid (identified by infrared spectrum),

2) impure diketones as highly viscous yellow oils.,

The oil (1 g.) comprising mostly 1,5-(4,4'-dibenzoyldiphenyl)pentane
was chromatographed on a column of silica gel (40 cm x 2.5 cm diameter),
eluting with chloroform and collecting fractions of ca. 15 ml. volume.
Removal of chloroform (rotary evaporator) from fractions containing
essentially one product (as detected by thin layer chromatography on
silica gel, developing with chloroform) yielded a less highly coloured
viscous o1l, from which crystals of diketone could be obtaiped.

Typlical preparative data on individual diketones is recorded in

Table 3.6, Elemental analyses and melting points are recorded in Table 3.7.
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CHAPTER 4

STEP-GROWTH PHOTOPOLYMERIZATION VIA TRIPLET STATES OF BENZOPHENONE-
TYPE AROMATIC DIKETONES

GENERAL INTRODUCTION
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4.1 General Introduction

Step-growth photopolymerization of suitable diketones with dienes
offers a route to novel polymers containing oxetane rings in the main
polymer chain. Such photopolymerizations are of intefest, not only
from the stan&point of a contribution té this new concept in the field
of polymer chemistry, but also because thejpolymers themselves may find
interesting applications, The production of linear polymem from oxetanes
is well established,256 and extension of reactions producing such
polymers to macromolecules containing a series of oxetane rings in a
linear chain may lead to interesting and valuable network polymers.

In this chapter, the preparation and characterization of a series
of polymers, produced by PaternB;Bﬁchi reaction of benzophenone-type
aromatic diketones (see Chapter 3) with tetramethylallene and furans
(mainly furan itself) is described. Photopinacolization of the aromatic

diketones, to give polybenzopinacols, has also been undertaken, and is

described as a related investigation.



A.

THE PHOTOPOLYMERIZATION OF AROMATIC DIKETONES

WITH TETRAMETHYLALLENE

INTRODUCTION
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4.2 Photoaddition of Benzophenone to Tetramethylallene

(a) Preparation of Photoadducts

Carbonyl compounds may undergo photocycloaddition to allenes with
the formation of 2-alkylideneoxetane and 1,5- and 1,6-dioxaspiro[3,3]

heptane ring systems,.0°*172,179-181,257

Allenes used include allene
itself, l,1-dimethylallene and tetramethyléllene (IMA). Carbonyl
compounds employed include benzophenone, acetophenone, benzaldehyde,
fluorendne, xanthone and acetone.

Photoaddition of benzophenone to TMA occurs on irradiation of
either a solution of benzophenone in TMA or solutlons of the two reactants
in benzene.257 Products obtained in the latter case are listed in Table
4.1 together with yields and infrared spectral data., 1In a typical
experiment, a solution of 0,10 moles of benzophenone and 0.12 moles of
TMA was irradiated for 24 hours, the solution being purged with nitrogen
thré;hout the irradiation period.m9 Resulting products could be
separated by column chromatography on alumina, eluting with n-hexane-
benzene mixtures. In addition to the cycloaddition reaction with
oxetane formation, hydrogen abstraction from the methyl groups of TMA
occurred with the formation of compounds (54), (55) and (56) (Table
4.1).

Direct irradiation of benzophenone in TMA appeared to give compound
(53) as major product plus two unidentified compounds, neither of which
were identical to compound (52), although (52) may have been initially
present, undergoing rearrangement in the course of chromatographic

separation of the crude product mixture.181’257



TABLE 4.1
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The Photoaddition of Benzophenone to Tetramethylallene in 3enzene Solventm9

Optimum | Infrared l
Product Yield Spectral
(%) data
Te
0—=C 17 1724 cm”
i { (m)
?t._tl:—-cl: —Me 990 cm™t
Ph Me (s)
(51)
Ph
. |
0—C—Ph
[
0—C—C—Me 22 961-935
| l Me cat(e)
Ph— C — C—Me
Ph Me
(52)
Ph
|
Ph— C—0
0—C—C—Me 43 1010-
! l ée 980 cm-1
Ph— C—C —Me (s)
L
Ph e
(53)
OH OH
| |
Ph—C—Ph Ph —C —Ph
; |
CH OH
| 2 N | 3570-3450
/c--cn3 /c Ph— C —Ph cn~L(w)
| CH 15 :
o—c/ o_-c/ 0—c—c? " 2 1724 cm”t
I I [ NMe (m)
Ph—(':——-(ii—Me Ph-(l:—(|:—-ne Ph—(I:—.(I:—Me 990-980
Ph Me Ph Me Ph Me @ 1(s)
(54) (55) (56)
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(b) Characterization of Products

Products showed strong absorption in the 1000 cm-1 region,

109,256,258,259

characteristic of oxetane rings. The products (51), (54),

and (55) showed an absorption band at ca. 1725 cm-l. It has been
proposed257 that this band is analogous to the absorption of enol ethers
between 1633-1712 cm_l, and the very high frequency is consistent with
that usually oBserved for double bonds exocyclic to small strained rings.
Compounds (54), (55) and (56) showed characteristic weak OH stretch
absorptions at ca. 3450-3570 cm-l.

The n.m.r. spectrum of compound (53) showed four sharp resonanaces
in the aliphatic region (ca. gl) which have been tentatively assigned as

shown in the structure below.257

Ph

61.29, 0.57

The n.m.r. spectrum of compound (52) showed sharp singlets at §1.29
and 61.03.257
179
Arnold and Glick have assigned the spiro ketal structure to
compound (52), supported by the chemical evidence that treatment of (52)

with ethanolic HCl gave 1l,l1-dimethyl-2,2-diphenylethylene as one of the

products. Cleavage of the monoadduct (51) gave benzophenone and the
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ketone formaliy derived from addition of the elements of water to TMA

(eq.lo.l).257
Ph
Ph —}— 0 u*,uzo
L Ph,C=0 + (Me)ZCHCOCH(Me)2 (4.1)
Me — '
Me
Me

Me

Compound (53) was not cleaved to ketones by aqueous acid at room

2
temperature. 3

(c) Mechanism
The first step of the reaction, which results almost exclusively
in the bonding of carbonyl oxygen to the central allene carbon, may be
readily explained by selective formation (eq.4.2) of an intermediate
having a stabilized allylic part structure (as opposed to a vinylic

radical structure for the alternative mode of addition).

* N
Ph,C=0 (triplet) + /c=c=c:-o | (4.2)

2

Factors controlling competition between the possible courses of the

second addition step, however, are less well defined.257 The conventional

biradical mechanism involves the intermediates (57) and (58)
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Ph Ph

Ph—-TI—(‘) Ph | Ph——(::—-—(i bie
Me — G—C- -C,:——Ph Me — C—C—C—Me
Me | | | ,
Me—C——0 Me O0—C— Ph
Je Ph
(57) (58)

It has been pointed out that the high strain energy in the exocyclic
double bonds of the enol ethers will make the double bonds highly
reactive.257 With the resulting rapid reaction normal selectivity may
not be observed. Evidence for high reactivity includes the formation of
diadducts by addition of carbonyl compound to monoadduct as a competition
reaction to formation of monoadduct by addition of carbonyl compound to
parent allene, even when the latter is in large excess as reaction
medium.

Stabilization of biradical (57) with oxygens o to both spin centres
may be less than expected because of a decrease in the m interaction for
the spin centre that is part of the oxetane ring, compared to interactive
stabilization in acylic o-oxy radicals.257

Schroeter has suggested that the mode of addition of the second
benzophenone molecule may be due primarily to the low directing effect of
the alkoxy groups in general, rather than as a result of decrease in w

. . . . 260
interaction in tha small ring systems.
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(d) Applicability of Tetramethylallene as a Diene in Step-Growth

Photopolymerizations Involving Oxetane Formation

All the products listed in Table 4.1 result from reactions that
should, if extended to reaction between a suitable benzophenone-type
aromatic diketone and tetramethylallene, propagate the polymer chain in
step-growth photopolymerization,

Approximately 90% of benzophenone molecules react by cycloaddition
with oxetane formation, and extended to the photopolymerization this
may be expected to produce a polymer containing pred.minantly oxetane

units in the main polymer chain, as shown in the structure (59).

Me
W
0-—-C——-?———Ar' o + isomeric structures
| | Ar

A~~~ AT '— C—C—Me

Ar Me
(59)

Approximately 10% of benzophenone holecules react by abstracting
hydrogen from the methyl groups of tetramethylallene. Such a reaction
occurring in the polymerization process will be expected to produce a
proportion of tertiary OH groups in the polymer (cf. polypinacol formation)

in place of oxetane link units, giving overall polymer structures of the

type (60).



160.

1
i N\
UL I
O0—C—C r‘-——C—CHZ-—- C=C—C—Me
| I Ar | | + isomeric
OH CH3 0~—C—Ar'———— structures
— Ar — C—C— Me : L
] ko)
Ar Me
n m
(60) (n >m)

The overall high yield of the products from photoreaction of
benzophenone and tetramethylallene (Table 4.1) suggests its suitability
as a model system for extension to photopolymerizatiom,.

There is no report of addition of a third benzophenone molecule to
residual C=C double bonds in structures of the type (54) and (55) (which

could act as a crosslinking site in the polymerization process).



DISCUSSION
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4.3 Preparation of Polymers from Aromatic Diketones and Tetramethylallene

Irradiation at 350 nm of equimolar quantities of aromatic diketones
[(40)-(42), (44)-(50) - see Chapter 3] and TMA in benzene solution, with

the exclusion of oxygen, gave low to medium molecular weight polymers as

enumerated below: /37
ro
Diketone Polymer Diketone ‘Polxger
(40) Poly TMAM (46) Poly TMA3
(41) Poly TMAP (47) Poly TMA4
(42) Poly TMAE (48) . Poly TMAS
(44) Poly TMAl (49) Poly TMA6
(45) Poly TMA2 . (50) Poly TMAlO

Factors governing the ;hoice of monomer concentration for irradiation
purposes included the solubility of the aromatic diketone in benzene and
the availability of monomer. Virtually no reaction occurred between
diketone (43) and TMA.

Total reaction products were isolated by freeze drying from dilute
benzene solutions; this allowed efficient removal of solvent without
recourse to heating. Most polymers were redissolved and then precipitated
from benzene solutions using 40-60° petroleum ether as the non solvent.
The precipitated polymers were again dissolved and recovered by freezé
drying from benzene. Attempting to pump off residual solvents froﬁ the
precipitated polymers after filtration was not effective as heating was
required for complete removal of solvents, and moleculqr weight studies
indicated that polymer degradation occurred during the heating. The

freeze drying technique gave polymers as white or creamy white fine

powders.
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4.4 Polymer Solubilities

All the polymers were extremely soluble and dissolved rapidly in
benzene; they tended to be as or more soluble than the corresponding
diketone monomer in benzene. For example, the solubility of polyIMAM in
benzene was > 350 g./l. PolyIMA2 was more than six times as soluble in
benzene as the 1,2-(4,4'-dibenzoyldiphenyl)ethane monomer (45).
Precipitation of pclymer during the photopolymerization process was never
observed, The high solubilities are indicative of linear polymers with

little or no crosslinking.

4.5 Molécular Weights and Melting Characteristics of Polymers

Molecular weights of polymers :(measured by the isopiestic method .in
benzené - seevAppenaix A) and corresponding D.P.'s (based on an addition
reaction between diketone and TMA, and a repeating unit combining the
molecular formulae of diketone and TMA) for crude and precipitated
polymers are shown in Table 4.2, Temperatures at which the first apparent
change occurmred on heating polymer samples in melting point capillaries
are also recorded. Maximum observed D.P.'s for each polymer
ranged from ca. 10 to 27. The highest polymers, in terms of BTF” were
polyTMAl, polyTMAM and polyTMA3.

Although, in the series of polymers containing methylene chains in
the repeating unit, the highest polymers were obtained from diketones
with the shorter methylene chains (n = 1-3), general conclusions on the
relative efficiency of 4,4'-dibenzoyldiphenylalkanes in the photopoly-
merization reaction may be modified when variations in conditions of

preparation and precipitation are taken into account, and the observed



TABLE 4.2

163,

Molecular Weights, Degrees of Polymerization and'Melting Characteristics

of Diketone -Tetramethylallene Polymers

- Temperature at which

a Molecular Weight (D.P,) Polymers Visibly,
Polymer : ' Changed State (°C)

Crude Precipitated | Crude Precipitated
PolyTMAM 6610 (17.3) - - | 1878 -
PolyTMAP 2200 (5.8) 3900 (10.2) | 174% 177%
PolyTMAE 6200 (13.1) - - 186° -
PolyTMAl 13000 (27.5) - - 1829 -
PolyTMAz} zsooc(s.a) 4200c (8.6) - . - ;

- 6400°(13.2)  7300° (15.0) | 180 177
PolyTMA3 5300 (10.6) 8100 (16.2) | 1609 163¢
PolyTMAL 4100 (8.0) 6100 (11.9) | 1649 1649
PolyIMAS 2800 (5.3) 6300 (11.9) | 146° 158%
PolyTMAG 3100 (5.7) 6200 (11.4) | 150° 160°
PolyTMALO | 3700 (6.2) 7400 (12.4) | 1259 -

Notes

a) Polymers prepared as recorded in Table 4.12.

b) Determined in melting point capillaries

c) After reirradiation

d) Sample became tacky

e) Shrinkage of sample

f) Sample darkened and became tacky.

differences in D,P. are probably not significant except for the markedly

higher D.P, observed for polyIMAl.

Despite earlier reports on the inefficiency of m-dibenzoylbenzene in

forming polybenzopinacols,

90, 91

fairly high D.P. (ca.l7) photocyclo-

addition polymers have been obtained although the mechanisms of the two
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photopolymerizations bear common features (see Chapter 2 and section
4.2).

Heating of polymers in melting point capillaries caused observable
change of physical state below 190°C in all cases. The general trend
towards decreasing thermal stability with increasing methylene chain
length, observed with the polymers derived from 4,4'-dibenzoyldiphenyl-
alkanes, followed a similar trend in melting points of the parent diketones.
The relationship between 'melting point' and molecular weight for
polyTMAl is demonstrated graphically in Figure 4.1,

The graph shows a classical physical property versus molecular
weight relationship, the plateau value for the 'melting point' being
reached at a molecular weight of ca.4000. Consequently, 'melting point'
comparisons for polymers from different diketones may be valid despite
variations inlBTF. between ca.l0 and 27, Brittle fibres could be dr;wn

from the melt for all polymers.

4.6 Further Characterization of Polymers

Yields of crude polymers were quantitative for photoaddition between
aromatic diketones and tetramethylallene. Elemental analyses for poly-
TMAM, TMAl, TMA2, TMA3, TMA4, TMA6 #nd TMALO were in good agreement with
analyses required for such photoaddition. C,H analyses for poly-TMAP,
TMAE and TMAS5 were ca.l% out, although it may be noted that less
satisfactory analyses have been accepted for polymers from step-growth
photopolymerization by other workers (for example - see Table 1.4 or

references 90,91).
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FIGURE 4.1

Melting Point (T)® - Molecular Weight for PolyTMAl

0 | I | | I | | | A |
1.0 2.0 30 40 50 60 70 80 S0 10010
m |:-.'

Note a) Determined as temperature at which polymer samples first softencd
on heating in melting point capillaries.
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(a) Model Compound Study

Characterization of polymers was aided by comparison with the
model system benzophenone-tetramethylallene. Products and infrared spectral
data for thié system have already been discussed (section 4.2). A
repetition of the irradiation of benzophenone and TMA in benzene, with a
ratio of materials similar to that used by Arnold,109 yielded a product
mixture comprising at least four components (as detected by thin layer
chromatography). Since individual products had been separated and
characterized by Arnold, and all corresponding structural units were
expected to be present in the polymers, separation of the components
was not attempted. An infrared spectrum of the product mixture (appendix
C) showed a broad absorption centred at 3550 cm-l, aromatic and aliphatic
C-H stretch between 3100-2850 cm-l, a medium to weak absorption at
1730 cm-l, negligible residual carbonyl stretch (ca.l655 cm-l) and a
strong broad absorption between ca.l0l0 and 930 cm-1 with peaks of

1

intensity at 990 cm ~, 955 cm™! and 940 cm-l, in good agreement with the

combined absorptions from products obtained by Arnold (Table 4.1) and

the relative ratios of products obtained by him.109

(b) Infrared Spectra of Polymers

The infrared spéctra of typical samples of polymers from the
individual diketones and tetramethylallene are recorded in appendix C.
With the exception of polyTMAP the spectra show negligible residual
C=0 stretch (1665-1650 cm-l). Weak broad absorptions centred at 3550 !
are characteristic of the tertiary OH grouping. Absorptions varying

\

from very weak to medium weak are observed around 1720 cm-l. Broad,

strong absorptions in the 1010-940 Cm-l region, centred generally at ca.
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1000-980 cm-l, 960 cm-'l and 945 cm-'1 are characteristic of oxetane rings.
All these absorptions correspond closely to the absorpﬁions quoted for
the model system; the relative intensity ratios also suggest that the
frequency with which the various structural units occur in the polymers
is approximately the same as that observed in the model system,

The generally broadened bands in the spectra are characteristic of
polymeric material and, as would be expected, there is a striking
resemblance between spectra of polymers derived from the 4,4'-dibenzoyl-
diphenylalkanes and TMA,

Absorption at 1710 cm-1 in the spectrum of polyTMAP was very strong,

and an anomalous absorption was also noted at 1770 cm-l.

(¢) N.m.r. Spectra of Polymers

N.m.r. spectra of the polymers (in CDCl3) obtained at 60 MHz
were poorly resolved,but generally showed broad aromatic absorption in
the §7.7-6.7 region and broad aliphatic absorptions in the §2.0-0.5
region, Protons of methylene groups ¢ to benzene rings in polymers
derived from 4,4'-dibenzoyldiphenylalkanes could be distinguished at
chemical shifts analogous to those observed for the parent diketones
(ca. §4.0-2.5), and the broad strong ahsorption between §2.0-0.5
ccrresponded largely to the methyl protons derived from TMA. Other
methylene protons, tertiary OH protons etc. were either incorporated in
the broad §2.0-0.5 absorption or not detected on account of the poor
signal to noise ratio. However, overall aromatic to aliphatic proton
integrations could be obtained and were consistent with the postulated

polymer structures,
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Good evidence for postulated polymer structures has been obtained from
a 220 MHz spectrum of polyTMAl, which showed absorptions at §7.9-6.6
(broad), 4.0-3.8, 2.95 (weak), 2.35 (weak), 2.1 (v.weak) and 1.9-0.55.
The peaks were not integrated individually but overall integration
indicated the ratio of aromatic to alipﬁatic protons (§7.9-6.6:84.0-0.5)
was 9:7 as required for the postulated polymer structure. The signal to
noise ratio for the §1.9-0.5 region was improved by the CAT technique and
from this improved spectrum individual bands could be resolved and their
chemical shifts compared with thoée recorded for the methyl protons of
the benzophenone-TMA 2:1 adducts (52) and (53). Thus bands were
detected at §1.65, 1.5-1.4, 1.28, 1.13, 1.03 and 0.58 and these should be
compared with the values for model compounds (53) at §1.50, 1.43, 1.29 and
0.57, and (52) at 61.29 and 1.03. Together with the bands due to
aromatic protons (§7.9-6.6) and the benzylic methylene (§ a. 4.0) the above
assignments account for the greater part (ca.95%) of the area under the
n.m.r. spectrum of polyTMAl. The remaining weak absorptions at §2.95,
2.35, 2.1, 1.65 and 1.13 have not been assigned but presumably arise from

minor structural contributions.

4.7 Effect of HCl on PolyIMAM

Passage of HCl gas through a solution of polyTMAM in benzene for 3
hours reduced the molecular weight from 6100 to 1100. An infrared spectrum
of the product (Appendix C) showed, in particular, a strong absorption
at 1665 cm_1 and a greatly narrowed, though still strong, 'oxetane'
absorption now centred at ca. 1000 cm_l, there being virtually no

absorption between 960 and 930 t::m-1 compared to strong absorption in that



region for the initial polymer.
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This evidence is essentially consistent

with cleavage of structural units of the type (61) leaving residual type

(62) links in the polymer.

Ar

0—C—Ar' A~~~

Q—C—C—Me

| ]

rerv AT '—— C—LC—Me

Ar Me

(61)

Oxetane abgorptions at ca.960-930 cm_

for Ar = ~~ Ar' = Ph (compound

(52))109

Ar ' e

Ar—C—0

0—C—C—Me
|| e

~rirv AY '-—e C——C — Me

||

Ar Me

(62)

1 Oxetane absorptions at

ca.1010-980 el for Ar =

~~~ Ar' = Ph (compound
1
(53))1%

It has been reported257 that compound (53), unlike compound (52),

does not undergo facile hydrolytic cleavage with aqueous HZSOA' Poly-

substituted oxetanes generally undergo fragmentation to olefins and

carbonyl compounds when treated with mineral acid.256

4.8 Growth Characteristics of PolyIMAl

The growth of polyIMAl was studied by irradiation, under identical

conditions, of benzene solutions of the monomers (0.0199M in each reactant)

for varying periods of time and determination of the number average

molecular weight (and hence D.P.) of the resulting recovered crude polymer.
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A graph showing the dependence of molecular weight on irradiation time,
under the conditions employed, is given in Figure 4.2.

During the initial stages of irradiation (0 - ca.0.7 hours), growth
of the polymer was a little slower than during the main growth period
(ca. 0.7-2 hours). The increase in rate of reaction after the initial
stages is consistent with addition of excited carbonyl to the first
tetramethylallene double bond being slc&er and selective compared to
subsequent addition of carbonyl to highly reactive enol ether, as is the
case with the benzophenone-tetramethylallene photoaddition reaction
(section 4.2).

For a conventional bimolecular step-growth polymerization where
reaction between functional groups is kinetically first order in each
functional group, the disappearance of either functional gfoup is given
by the rate equation for an overall second order reaction (simplified by
taking into account the equality in concentration of both types of
functional groups). Application of Carothers' equation leads to the

expression (4.3)

D.P. = 1 + [M_J]kt where [M_] = concentration of monomer at
o )
start of polymerization

(4.3)
This expression predicts that D.P. should increase linearly with time,

The situation is more complex for the step-growth photopolymerization
where the maximum effective concentration of functional group 1s governed
by the quantity of the relevant excited chromophore. Further
complications include modes of deactivation of excited chromophore,

reversible and irreversible formation of intermediate complexes, biradical
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l | |
[ FIGURE 4.2

Molecular Weight - Irradiation Time for PolyTMAla
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Note a) 0.0199M Solutions of 4,4'-dibenzoyldiphenylmethane and TMA in
benzene irradiated in Rayonet RPR-208 Reactor.
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intermediates, differing rates of cycloaddition and competing hydrogen
abstraction reactions.

With the_few empirical results available here, together with the
general coﬁplexity of the system, a kinetic treatment equivalent to that
for the more straightforward bismaleimide photopolymerization (Chapter 1,
section 1,6) is not warranted.

Growth of polymer has also been followed by disappearance and
development of infrared absorption bands in the polymer samples (Figure
4.3). Disappearance of the C=0 stretch (ca. 1655 cm-l) and appearance of

1, 1720 cm-lAand in the 'oxetane' region with

bands at ca.3500 cm_
increasing molecular weight is clearly observed.

Once the plateau molecular weight was reached, extended irradiation
caused no significant change in poiymer molecular weight, In an initial
attempt to study the growth of polyIMAl, six solutions of 4,4'dibenzoyl-
diphenylmethane and TMA in benzene were irradiated under identical
conditions for periods of between 15 and 160 hours. The resulting crude

polymers all possessed number average molecular weights of between 4400

and 4600.

4,9 Effect of Concentration on Polymer Molecular Weight

The molecular weight attained in photopolymerization of 4,4'-dibenzoyl-
diphenylmethane with TMA has been found to depend considerably on the
initial concentration of monomers. Irradiation of benzene solutions of
varying concentration in monomers (0.00335M to 0.1117M) for 22 hours at
350 nm under identical conditions, and determination of the number average
molecular weights of the resulting crude polymers revealed a molecular

weight-concentration dependence shown graphically in Figure 4.4.
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FIGURE 4 .4

Molecular Weight - Initial Monomer Concentration for PolyTMAla
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Results on the polymer growth characteristics indicated that for a
0.0199M solution in both reactants, the plateau molecular weight was
effectively reached in ca. 4 hours. The significantly higher molecular
welghts attained with increased monomer concentration may be explained by
the increased likelihood of encounter betwéen an excited carbonyl
chromophore and a C=C double bond (taking into account the lifetime of the
carbonyl triplet) and the consequently increased likelihood of reaction
leading to polymer formation.

As a consequence it was possible to reirradiate a polymer, initially
prepared in dilute solution, at a higher concentration and to obtain a
higher polymer. Thus reirradiation of polyIMA2, molecular weight 2800
(initially obtained at an overall polymer concentration of 4.49 g/l. owing
to the low solubility of diketone in benzene), at an increased concentration
of 24.0 g/1. for 390 hours yielded a crude polymer of molecular weight

6400.

4.10 Thermal Stability of Polymers

Storage of polyITMAM for 9 months at room temperature caused no
significant change as determined by infrared spectroscopy and molecular
weight measurement. Heating of a sample of polyIMAM in vacuo for 24
hours at 61°C lowered the molecular weight of the sample from 3300 to 2700.

(a) Pyrolysis of PolyTMAl

Heating of a 0.42 g. sample of polyIMAl (molecular weight 10,000)
for 1,5 hours at a temperature of 280-290°C and pressure of ca.10-3mm.Hg‘
yielded ca.0.,015 g. of volatile material. A gas phase infrared spectrum

of this material indicated that two of the components were benzene and
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acetone, leaving unidentified absorptions particularly at 3000-2860 cxn-1

and 2350 cm-l. (The absorption at 3000-2860 cm"1 was relatively too
intense to be stigned solely to acetone and the lack of absorption
at 3716 cm-1 and 3609 cm-1 precluded assignment of the 2350 cm'-1
absorption to carbon dioxide). Mass spectroscopy confirmed the presence
of benzene and was consistent with acetone as another component.

Infrared spectroscopy on the residual material at the bottom of,
and the 'distillate' around the neck of,the pyrolysis flask revealed,
in both instances, gross structure corresponding to 4,4'-dibenzoyldiphenyl-
methane, with a strong absorption at 1660 cm_l and no oxetane absorption
in the 1000 cm_1 region.

Oxetanes in general decompose thermally to form olefins and
carbonyl compounds, trimethylene oxide, for exagfle, decomposing at

450°C (eq.4.4).2°

—=—> CH,=CH, + CH, =0 (4.4)

Trimethylene oxide decomposition occurs either by a concerted scission
of both bonds simultaneously or via initial scission of the C-0O bond

only, forming an unstable 1,4-biradica1.261 Ease of pyrolysis of

substituted oxetanes varies with the degree and type of subs;itution.256

The spectroscopic data obtained on the pyrolysis products of poiy-
TMAl was consistent with the oxetane rings cleaving in two directions to
account for aromatic and aliphatic carbonyl stretch absorptions.

Unidentified volatile material is probably a hydrocarbon (or hydrocarbons)

arising from the TMA residue or its fragmentation products. Benzene
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detected as one of the volatiles may possibly have been due to a trace of

residual solvent benzene in the sample of polymer pyrolysed.

(b) Thermogravimetric Analysis

Typical thermogravimetric analyses (for polyTMAM and polyTMA6
in nitrogen and static air) are recorded in appendix D together with data
on instrumentation and operating conditions. In air thermograms were
two step cﬁrves, the first step corresponding to the major weight loss
(mainly in the ca.300-400°C temperature range) whereas in nitrogen
thermograms were single step curves. Temperature thresholds for major
decomposition.were generally slightly lower in a nitrogen atmosphere
than in static air, and in nitrogen a small quantity of charred residue
remained at the end of the analysis.

Curves for the polymers from 4,4'-dibenzoyldiphenylalkanes and TMA
bore a close resemblance to one another, 507 weight loss occurring at
temperatures of between ca.360-390°C in air and 390-410°C in nitrogen,
but no specific relationship between stability and methylene chain
length was apparent.

To obtain information on the dependence of thermal stability on
molecular weight, four samples of polyTMAl (molecular weights: 770, 1000,
2600 and 7100) were analysed in static air under the general conditions
given in Appendix D, and the thermograms are shown in Figure 4.5. Little
variation was observed in the threshold temperature of decomposition but
at temperatures of the order of 450°C, the quantity of residual material
increased significantly with increasing molecular weight sf the polymer

sample.
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B.

THE PHOTOPOLYMERIZATION OF AROMATIC DIKETONES WITH FURANS

INTRODUCTION
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4.11 Photocycloaddition of Benzophenone to Furan and Substituted Furans

Benzophenone undergoes photocycloaddition to furan giving a 1:1

adduct and 2:1 adducts.
The formation of a 1:1 adduct in near quantitative yield was first

reported in 1963.262’263

Irradiation of benzophenone in excess furan
(eq.4.5) gave a 1:1 adduct to which the structure 6,6-diphenyl-2,7~

dioxabicyclo[3.2.0]hept-3~-ene (63) was assigned. N.m.r. analysis

o-ﬂr—m
=
o
=2

Ph,C=0 + " " vy Il\ (4.5)
0- o~
excess
(63)
264

confirmed this structure.
Formation of 2:1 adducts from photocycloaddition of 2 molecules of
benzophenone to furan in benzene solvent was subsequently reported.265

Two 2:1 adducts were obtained to which the structures (64) and (65) were

initially assigned. A different structure (66) was subsequently

assigned266-8 to the more symmetrical 2:1 adduct originally designated
as (64).
Ph Ph Ph  Ph
O\\\
(0]
(64)

(65)
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Ph Ph

Ph

Ph

(66)

Adducts have also been obtained from benzophenone and the

265,269 265,267

substituted furans 2-methylfuran, 2,5-dimethyl furan, 3-

methylfuran,269 2-furfuryl alcohol269 and 2,4-dimethy1furan.269

(a) Preparation of Photoadducts

1:1 Benzophenone-furan (or substituted furan) adducts have been

_ 262,269
obtained by direct irradiation of the ketone in an excess of the furan. ’

Yields, where noted, were near quantitative and apart from oxetanes no other

products were generally recorded.269 Benzophenone added to the double

bond of the furan having the methyl substituent in mono-methyl substituted

furans. With 2,4-dimethylfuran a 50:50 mixture of 1:1 adducts was

formed, addition occurring equally to either double bond.269
2:1 adducts have been prepared by irradiation of nearly equimolar

265,267

benzene solutions of benzophenone and the furan, and by

irradiation of (63) and benzophenone in benzene.265 Combined yields for
2:1 adducts are reported to be up to 50%,267 but no experiments have been
reported for irradiation of benzene solutions of benz;phenone-furan where
the molar ratio of benzophenone to furan was greater than 1.

Thus irradiation of a benzene solution of benzophenone and furan
(molar ratio 2:3) gave, after purification, 2:1 adducts (65) and (66) in

yields of 18% and 29% respectively.267
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(b) Characterization of Adducts

(i) 1:1 Adducts
The 1:1 adduct of benzophenone was initially assigned the
structure (63) (as opposed to structure (67)) on account of the acid-

sensitive character of its dihydro derivative.262

o

h
0~ —_‘_P
Ph

(67)

Gagnaire and Payo-Subiza confirmed the structure by n.m.r. analysis.
Neglecting the 10 aromatic protons, the n.m.r. spectrum of the 1:1 adduct
showed the following chemical shifts and coupling constants for the furan

protons a-d.

Ga = 4,30 ppm Jab = 3.1 Hz
6b = 4.79 ppm Jac = 4.5 Hz
6c = 6.20 ppm Jad = 1.3 Hz
6d = 6.31 ppm ch = 0
de = 2.9 Hz
ch = 0.8 Hz

Partial analysis of the corresponding six protons (e-j) of the

dihydro derivative revealed the following data.

6e and 6f = 1.85 ppm (multiplet, 2 protons)

6g’ 5h’ 6 3.85 ppm  (multiplet 3 protons)

i

%

6.15 ppm  (doublet, J = 4 Hz)

264
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The high values of the coupling constants Jac’ Jab and de in the

1:1 adduct correspond to couplings between vicinal protons, possible

assignments being (68) and (69).

b a a b
d :O:C T o0~ d
(68) (69)

(68) was ruled out by the relatively low chemical shift of H (4.30 ppm)

and comparison with chemical shifts in compound (70).

LA,

(70)

This resulted in the assignments (71) and (72).

a b g e, f
— ﬂ R ”h,i
e N0 74 3N0
(71) (72)

Reference to the spectrum of trimethylene oxide (73), and consideration of

.
0, %

(73)

the effects of phenyl substitution and fusion to the furan ring system

2.72 ppm

o
]

4.73 ppm

increasing the chemical shifts of the tertiary protons Ha’ Hc etc. ,



confirmed that the structure was (74)=(63),

Ph

Ph
| a . b
o)
TTeN0 74
(74)
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Equivalent n.m.r. assignments have been made for the 1:1 adducts of

benzophenone and substituted furans.

Structures of the type (75) were ruled out on n.m.r. evidence.

264,269

Ph

Ph

(75)

(i1) 2:1 Adducts

270

The n.m.r. spectra of benzophenone-~furan 2:1 adduct (65) and

the 'symmetrical' 2:1 adduct originally assigned the structure (64) showed

the following 'furan proton' signals:

2:1 adduct (65)

8

6

5.92 ppm
5.31 ppm
4,98 ppm

4.27 ppm

(1 proton,
(1 proton,
(1 proton,

(1 proton,

doublet, J = 4 Hz)

doublet,J
doublet ,J

doublet ,J

4 Hz)
4 Hz)

4 Hz)
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Symmetrical 2:1 adduct

& = 5.94 ppm (2 protons, doublet,J = 4 Hz)

4 Hz)

& = 3.70 ppm (2 protons, doublet,J

Comparison with n.m.r. spectra of compounds (76) and (77) led to the

Ph
|[ Ph — 0
ko/“—o ko /—+- Ph
Ph
(76) (77)

assignment of the structures (64) and (65).265 Reduction of the

'symmetrical' 2:1 adduct with LiAlH4 in THF-dioxane gave a diol,

designated to be of structure (78) and treatment of the diol with acetic

Ph P{h
| .
Ph . Ph
L)
o O OH
(78)
265

acid-HCl yijeldedl,l,4,4-tetraphenylbutadiene,
Two 2:1 adducts obtained from 2-methylfuran were formulated as 5-
methyl derivatives of (64) and (65) on the basis of n.m.r. analysis and
diol formation.265 A single symmetrical 2:1 adduct (79) obtained from
benzophenone and 2,5-dimethylfuran was found to be readily isomerizable

to another isomer on treatment with methanolic acetic acid at room

temperature. The isomerization was thought to be a syn to anti
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isomerization. The rearrangement product was designated the anti isomer
on account of its smaller dipole moment.265 Additional evidence originally
cited for the assignment of the 'symmetrical' 2:1 adduct as (64) was the
good agreement between its observed dipole moment and group moment
calculations based on THF and compound (76).

Subsequently on the basis of data given265 by Ogata, Leitich266
assigned the structure (66) to the 'symmetrical' 2:1 adduct. Leitich
pointed out that the n.m.r. spectrum obtained for this adduct could only
be expected if the coupling between the two equivalent protons at the
3 and 4' positions of the THF ring were very small. Consideration of the
dependence of vicinal coupling constants on dihedral angle indicated that
in (64) couplings of 7-8 Hz would be expected,whereas the structure (66),
where the dihedral angle between the two protons is close to 900, was
consistent with the observed very small coupling. Dreiding models of
(64) exhibited prohibitive non-bonding interactions even with distortion
of the assembly, whereas (66) was free of any strain. Leitich also
showed that dipole moment calculations on (66) equally well fitted the
observed265 dipole moment of the adduct. Leitich proposed a structure

(80) for the compound produced on mild acidic treatment of the benzophenone-

2,5-dimethylfuran 2:1 adduct (79).

CH

Ph
Ph

Ph

CH
(80)
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Evanega and Whipple?67 on the basis of analysis of an AA'XX' spin
system for the 'symmetrical® furan 2:1 adduct,also independently deduced
that the structure was (66) and confirmed a trans-anti structure for the
unsymmetrical adduct (65). They proposed267 acid catalysed decomposition.
of adduct (79) to proceed via a dicarbonyl carbonium ion giving the

tricyclic product of structure (80) (reaction scheme 4.6).

CH3COOH
CH30H:
(79) l (4.6)
Ph
+ -0
CHy—” Ph
(80) ¢—— o= o
Ph 0- OH
Ph CH3

Such rearrangements for the corresponding furan or 2-methylfuran adducts
would be less likely since intermediate aldehydes would be formed and
hemiacetal formation might be favoured with solvents employed.

Evanega and Whipple also considered the good agreement between
experimental and calculated dipole moments, cited by Ogata265 as evidence

for structure (64), to be fortuitous.
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Toki and Sakura1268 on the basis of X-ray analysis showed that, for
crystals of 'symmetrical benzophenone-furan 2:1 adduct, the molecule was
of the anti-configuration (66). Ultraviolet absorption spectrum evidence
pointed to no interaction between non-bondéd phenyl groups. Such inter-
action should lead to bathochromic shifts of absorptions in the 260 nm
region and higher extinction coefficients,271 and was not observed, being
taken as further evidence for the anti-configuration (66). The high
field chemical shift of the 3 and 4’ THF protons, which lie above a
phényl group in anti-configuration (66),were cited as further evidence
for such a structure,

Evanega and Whipple267 have observed that adduct (66) is thermally
unstable;-sublimatibn (or treatment with trifluoroacetic acid at room

temperature for 10 minutes) gave 1,1,4,4-tetraphenylbuta-1,3-diene.

(c) Mechanism
Formation of the benzophenone-furan 1:1 adducts has been readily
explained in terms of attack by benzophenone triplet on the most labile

double bond of the furan system,giving the most stable biradical (81),

which thencloses giving the 1:1 adduct (63) as in eq.4.7.265’269
B Ph Ph
Ph Ph
N/ [—j C— «}—Ph ..}_ph
¢ + l -+ | 0 > '
“ 0 -~ ‘N0~
O (triplet) L :
(81)

‘ Ph (4.7)

] “————‘—4—' Ph

. \O /'—0

(63)
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Attack of a second benzophenone triplet on the olefinic bond of (63),
from the less hindered side, gives (65) and (66). However, formation of
a preponderance of (66) is not predictable on the basis of stability of
intermediate biradicals. It was originally thought265 that (64) could arise

via an orientated allylic biradical (82) produced via reaction of

Ph Ph  Ph Ph

!

0

(82)

biradical (8l) with ground state benzophenone or directly from 1l:1 adduct
(63). Bond breaking of (63) with triplet benzophenone partially yielding
biradical (81) was expected from observations that irradiation of (63)
in acetone or benzene solutions of acetophenone gave benzophenone-furan
2:1 adducts in low yield.265

Results of Schroeter on the photocycloaddition of carbonyl
compounds to enol echefs have shown that the direction of cycloaddition
cannot be predicted on the basis of intermediate biradical stability in

these systems.260’272

Schroeter suggests that a combination of factors
such as radical stability, polarization of reactants and lack of
selectivity due to enhanced reactivity of the olefin probably control

the orientation of these latter additions, (cf. photocycloadditions with

TMA as diene).
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(d) Applicability of Furans as Dienes in Step-Growth Photopoly-

merizations Involving Oxetane Formation

The high yifelds, under the conditions used, and apparent lack
of side-reactions make the benzophenone-furan photocycloaddition reaction
a possible model system for extensiion to étep-growth photopolymerization
utilizing benzophenone-type aromatic diketones. Polymers containing

isomeric structural units indicated by the structure (83) are to be

Ar Ar Ar
~~r Ar' % % Ar' l I I 0
Ar
(83)

expected from such aromatic diketones and furan.
It may be noted that furan has been added photochemically to

poly(vinylbenzophenone) (eq.l+.8).273

’MCH-CH"N\’ N\I\ICH-CH'\MJ

© B @‘ T_\J

The photoaddition may involve the other double bond of furan, thereby

effecting crosslinking of the polymer.



DISCUSSION
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4.12 Direct Irradiation of Equimolar Quantities of Diketone and Furan

in Benzene Solution

Irradiation of a degassed equimolar benzene solution of m-dibenzoyl-

benzene and furan (0.199 M in each monomer) in a sealed Pyrex tube at
350 nm gave, after removal of solvent, a pale yellow oligomeric material,
molecular weight 1250,

An infrared spectrum of the oligomer, Appendix C, showed a strong
residual C=0 stretch at ca.l665 cm-l. A broad absorption at ca. 1050-
900 cm-l was-consistent with possible cycloaddition giving oxetane
rings in an oligomer chain, and the infrared spectrum generally corresponded
closely to that of a characterized polymer, molecular weight 1390,
prepared by the two stage route from m-dibenzoylbenzene and furan
described below.

Amongst the rigorous requirements kChapter 1, section 1.4) for a
successful step-growth polymerization is the necessity for an exact

equivalence of functional groups in reactions of the type (4.9).
A-A + B-B - Polymer (4.9)

The extremely high volatility of furan (b.p. 32° @ 760 mm Hg) and
consequent difficulties in handling and quantitative manipulation of the
diene could readily be one factor accounting for the production of only
oligomeric material on direct irradiation of the m~dibenzoylbenzene-

furan mixture in benzene.



191.

4.13 An Alternative Route to Furan-Diketone Polymers Containing Oxetane

Units in the Main Chain

A ready method for obtaining functional group equivalenée in a
polymerization of the A-A + B-B type is by the direct handling and
weighing of solid and easily manipulated materials. Since benzophenone
yielded a 1:1 adduct (63) on irradiation in furan (section 4.11) and the
C=C double bond of this adduct was susceptible to further addition of
benzophenone giving 2:1 adducts,-an alternative route to furan-diketone
polymers was investigated involving initial irradiation of diketone in a
large excess of furan with the aim‘of producing a furan—diketone 2:1
adduct (equation 4.10) that could be readily manipulated.

Ar Ar
|
0

(4.10)
'_J‘\O,/ﬂ 4.10

Ar'

o ——

ArrAr'CAr + 2'! n by, U\\ |
| || 0 0~

0 0
(84)

Irradiation of the 2:1 adduct (84) with an equimolar quantity of

‘diketone would then be a possible polymer forming reaction.

4,14 Preparation of Furan-Diketone 2:1 Adducts

Irradiation at 350 nm of the aromatié diketones (40), (41), (44)-
(50), in a large excess of furan gave, after removal of excess furan, the
photoadducts‘detailed in Table 4.3, where molecular weights of photo-
adducts together with required molecular weights for formation of furan-

diketone 2:1 adducts (84) are also recorded.
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TABLE 4.3

Irradiation of Aromatic Diketones in Excess Furan

Diketone i;;:gv::gzgi Molecular Weighta MZiiizizzeZeégst

2:1 adducts (84)
(40) DiFM 421 422.5
(41) - DiFP 420 422.5
(44) DiFl 502 512.6
(45) 'DiF2' 567 526.6
(46) | DiF3 530 540.7
(47) DiF4 544 554.7
(48) DiF5 557 568.7
(49) DiF6 589 582.7
(50) DiF10 623 638.8

Note a) Measured by the isopiestic method in benzene solution,

b) Prepared in mixed benzene-furan solvent owing to low
solubility of diketone (45) in furan.

With the exception of 'diF2' (which was prepared in a mixed benzene-
furan solvent), and within the limits of accuracy of the molecular weight
determination (see Appendix A), measured molecular weights were in good
agreement with those calculated for furan-diketone 2:1 adducts,

As a model the reported formation of the benzophenone-furan 1:1
adduct (63) was also repeated here, by irradiation of benzophenone in

excess furan,
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4.15 Spectroscopic Characterization of Furan-Diketone 2:1 Adducts

(a) Infrared Spectra

Infrared spectra of the various adducts are recorded in Appendix

The infrared spectrum of benzdphenone-furan 1:1 adduct (63) showed
no residual C=0 stretch at 1665 cm-l. A sfrong band in the 980 c:m-1

region has been reported as characteristic of oxetanes formed by photo-

addition of various carbonyl compounds to furan.274 Fusion of oxetane

rings to other rings has also been reported to depress the characteristic

absorption frequency of the oxetane ring to below 900 cm-l.zsg’_275

Furan itself shows a ring breathing vibration at 995 cm-1 and various

-1 259

C-H vibrations between 1268 and 660 cm The ring frequency at ca.

1075 cm_1 in tetrahydrofuran can shift down to ca.960 (:m-'1 when the

ring is fused to a rigid system.zsg’275

Thus individual assigmnments of
bands observed in the 1200-900 cm-1 region for the furan adducts carry
little conviction when all the possible vibrations and complexities

introduced by ring fusion are considered.

For the 1:1 adduct (63), within the region 1200-900 cm-l, strong

bands were observed at 1130, 1045, 1020,1004 (m), 990, 963, 930 and 902 cm .

A band at ca.l492 cm-1 has been reported273 and was observed here,
However ,generally there is a sparsity of reported infrared data for

benzophenone-furan adducts,

The spectra of the furan-diketone adducts possessed similar features

to those observed for (63), The spectra showed no residual C=0 stretch

(1665-1650 cm-l). Individual absorptions in the 1200-900 cm-1 region

were typically observed at ca.1135,1050, 1020, 990, 970 and 930 cm-1

1
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comparing favourably with absorptions in the spectrum of (63). Any v. weak
broad absorptions centred onca.3450 cm-1 were ascribable to water in the
KBr used for preparing KBr discs (verified by running of KBr blanks).
The peak at ca.l495 cm-l, and the general aromatic and aliphatic features
expected, éspecially for addvcts from 4,4'-dibenzoyldiphenylalkanes, were
pfesent.

An absorption at 1613 cm-'1 has been recorded as characteristic of
the 2,3-dihydrofuran structure of the benzophenone-furan adduct (63).262
Such an absorption is also present in the spectra of the furan-diketone
2:1 adducts (84), However, its diagnostic value is complicated by the
ﬁromatic absorptions (as in the diketones) in the same region, and
absorptions around 1600 cm_1 were, in fact, observed with most
substances examined by infrared spectroscopy. Spectra of poly(vinyl-

benzophenone) and its furan photoadduct, recorded in the 1iterature,273

both showed an absorption around 1600 cm—l.

(b) N.m.r. Spectra

The n.m.r. spectrum of diFM showed the absorptions listed in
Table 4.4, where corresponding absorptions are also given for the

bengophenone-furan 1:1 adduct (63),

TABLE 4.4

N.m.r. data for DiFM® and (63)

DiFM (63)26%
6 (ppm) | No.of protons Proton & No. of protons
7.7-7 14 Aromatic - -
6.3 2 d 6.31 1
6.2 2 c 6.20 1
4.8 2 b 4.79 1
4.3 2 a 4.30 1

Note a) Recorded at 60 MHz in CC14 solution, with TMS as
internal reference.
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The favourable comparison between chemical shifts of diFM and (63) is

indicative of the assignment (85) for diFM.

(85)

DiFP yielded an identical n.m.r., spectrum to diFM apart from a
narrowér (§7.5-7.1) aromatic absorption. Recorded n.m.r. spectra of the
2:1 adducts from 4,4'-dibenzoyldiphenylalkanes were similar but with
additional signals from the methylene chain protons. As examples, n.m.r.

data for diFl and diF6é is given in Table 4.5.

TABLE 4.5

N.m.r. data for DiFl and DiF6>

DiF1l DiF6
) No. of Protans 8 No. of Protons
7.6-6.9 18 7.45-6.95 18
6.31 2 6.32 2
6.20 2 'furan' : 6.20 2 'furan’
4.75 2 | protons 4.8 2 protons
4.25 2 4.3 2
3.9 2 methylene protons 3.5 (broad) 4 methylene
1.15-1.7 8 | protons
| Note a) Recorded at 60 MHz in CCl4 solution with TMS as internal
\ reference
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|
The 'furan' proton absorptions were best resolved in the spectra of

diFM and diFl. The absorption at §6.2 (Hc) appeared as a doublet, J =
ca, 4Hz, with further slight splitting of each limb. This is consistent

with the coupling constants Jac = 4.5 Hz, ch = 0.8 Hz and ch =0,

recorded by Gagnaire264 for (63). The absorption at §4.8 (Hb) appeared

essentially as a triplet (J ca.3 Hz) consistent with Gagnaire's values264

of J = 3.1 Hz,

ab = 2,9 Hz, J

= 0 for (63). The §6.31 (Hd) and

Tba be

84.25 (Ha) signals were complex and poorly resolved although the overall
broadness of the absorptions was consistent with Gagnaire's coupling

constants for (63).

(c) Ultraviolet Spectra

Oxetanes are reported to be generally transparent in the visible
and ultraviolet regions, except where substituents with chromophoric

groups are present.256 The absorption spectrum of trimethylene oxide shows

a maxima at 183 mm, with little absorption above 220 nm.276
An ultraviolet absorption spectrum of diFM in ethanol showed the

adduct to be transparent above 280 nm. The lowest energy absorption was

an absorption A 259 nm, ¢ 770 (in 95% ethanol).

(d) Mass spectra

Mass spectra of the 2:1 adducts proved extremely difficult to
obtain. Many attempts were made with the various adducts but a
combination of low volatility of the parent molecule and poor thermal
stability necessitated very precise operating conditions to obtain a
parent peak. Satisfactory mass spectra were eventually obtained on diFM,
diFP and diFl by suitable adjustment of the source and inlet system

temperatures. These three mass spectra are tabulated in Appendix B, and
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showed parent peaks at m/e 422, 422 and 512 respectively. Parent peak
intensities were ca. 20-30% those of the base peaks. Peaks were observed
corresponding to loss of one and two furan molecules, the latter giving
rise to fairly strong diketone molecular ions, the breakdown pattern

of the diketones also being clearly apparent.

Strong peaks at m/e 68 corresponded to furan and the furan breakdown
pattern was also apparent (m/e 39, + ‘<:] , m/e 29,HCEO+). Base peaks
varied from m/e 68 in diFl and diFP to m/e 105 (CH,CO") in diFM.

Attempts to obtain mass spectra of other 2:1 adducts generally gave
spectra clearly characteristic of breakdown to furan and partial breakdown
patterns of diketones,

The mass spectral fragmentation pathway of these adducts resembles
that of the simplest oxetane in that the majorroute involves cleavage
to ketone and olefin. It is worth noting that trimethylene oxide's mass
spectral fragmentation is basically similar to that observed in pyrolysis

and photolysis,256 with initial cleavage to ethylene and formaldehyde.277

4,16 General Discussion on Furan-Diketone 2:1 Adducts

Adducts obtained directly by removal of furan from the irradiation
mixture were generally white solids. Attempted determination of melting
points in capillary tubes revealed that, on heating, the adducts tended
to slowly change to viscous materials,sometimes over temperature ranges of
thirty degrees or more, with or without melting. Temperatures at which
adducts first showed signs of change were diFM, 57°C; diFP, 154°C;

. o , ' o . o o 0 ,
diFl, 66 C; 'diF2', 110°C; diF3, 45 C; diF4, 102°C; diF5, 19°C; diFé,

40°C and d4iF10, <15°C.
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In contrast to adduct (63) where the compound was successfully
recryst.llized,262 no satisfactory solvent or solvent mixture was found
for recrystallization of the furan-~diketone 2:1 adducts. Attempted
recrystallization from common organic solvents often gave tacky materials
setting to éolids. Where white solids could be obtained on
recrystallization (for example with diFl in methanol/water) there was
no improvement in the melting characteristics of the material. Attempted
column chromatography on silica gel or alumina with various eluents again
gave no apparent improvement in purity. Chromatography of diFM on
silica gel, elutingiwith chloroform, appeared to cause decomposition of
the adduct, oxetane absorptions not being detected in the infrared
spectra of samples obtained from the column.

Thin layer chrbmatography of the adducts obtained directly from the
irradiation mixture indicated a single clean component; this (together
with the spectroscapic evidence and molecular weight measurements)
indicates the efficiency of formation of the adducts. Yields were
generally quantitative for formation of 2:1 adducts.

Adducts tended to decompose on standing at room temperature, Thin
layer chromatography of adducts stored for several months showed a broad
smear rather than a single sharp component. Infrared spectra of diFP and diF3
stored for several months showed a weak absorption at ca. 1660 cm-1
suggesting regeneration of C=0, together with a weak absorption at 1730
cm-l. Unlike (63), samples of 2:1 adducts tended to smell strongly of
furan after storage in closed vessels for a few hours, even after prior
pumping of adduct samples for several days on a vacuum line. A sample

of diFM held at 80°C overnight showed a weight loss of ca.5%, as determined
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on thermogravimetric equipment. Thermogravimetric analysis at higher
temperatures could not be performed since adducts tended to bubble out
of the crucible suspended on the microbalance.

Further discussion -on the thermal stability and pyrolysis of 2:1
adducts may be found in section 4.24, together with related discussion
on furan-diketone polymers,

The molecular weight of 'diF2' (567) was significantly too high
for it to be a simple furan-diketone 2:1 adduct. Since the infrared
gspectrum of the adduct showed no residual C=0 stretch and was virtually
identical to the spectra of adducts characterized as 2:1 adducts, it was
assumed that 'diF2' was essentially a 2:1 adduct with the molecular
weight raised slightly by a proportion of furan-diketone 3:2 adduct
formed by attack by diketone C=0 on the C=C double bond of 2:1 adduct,
followed by further cycloaddition of the residual carbonyl group to

another furan molecule (4.11).

Ar Ar
i | 0l
Ar'
l __g or—-L J + ArC-Ar'-C-Ar
0" 0
Ar Ar Ar 0
l | | !
. Ar ] I Ar'-C-Ar (4.11)
w T
0 0~

(or isomer)

—224 3:2 adduct.
furan

The small proportion of this material was not detectable by

spectroscopic examination. Assuming a mixture of 2:1 and 3:2 adducts,
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calculations based on the molecular weight of 567 indicated ca.l5%
by weight of 3:2 adduct,.

'DiF2' preparation necessitated one of the lowest excesses of furan
and a large quantity of benzene cosolvent. On account of the poor
solubility of 1,2-(4,4'~-dibenzoyldiphenyl)ethane in furan it was not
possible to increase the relative excess of furan with the aim of producing
purer 2:1 adduct,

Irradiation of a 0.0282M solution of 4,4'-dibenzoyldiphenylmethane
in furan resulted in formation of 2:1 adduct, diFl, as determined by mass
spectroscopy. and molecular weight measurement. However irradiation of a
0.133M solution of the same diketone in furan resulted in the formation
of material of molecular weight 617 (512 required for 2:1 adduct). The
infrared spectrum of this higher molecular weight material showed no
C=0 stretch and appeared virtually identical to that of the characterized
2:1 adduct. This was taken as further evidence that decreasing the
excess of furan allowed formation of adducts higher than 2:1 adducts,
whilst the excess furan ensured complete consumption of carbonyl groups,

However, on irradiation of a highly concentrated (0.873M), saturated
solution of m-dibenzoylbenzene in furan, a product precipitated which
showed residual carbonyl groups (as determined By infrared spectroscopy).
Removal of material from solution, as a solubility effect, presumably
precluded complete consumption of carbonyl groups.

4,4'-Dibenzoyldiphenyl was too insoluble in furan or suitable furan-
cosolvent mixtures to attempt preparation of a 2:1 adduct.

Irradiation of 4,4'-dibenzoyldiphenyl ether in furan resulted in

precipitation of an orange-yellow solid, molecular weight 620 (514
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required for 2:1 adduct). The infrared spectrum of this product (Appendix
C) differed fundamentally from characterized 2:1 adducts, particularly
with a strong absorption at ca. 1735 cm-l. The product was not

investigated further,

4.17 Preparation of Polymers from Furan-Diketone 2:1 Adducts and Diketones

Irradiation at 350 nm of equimolar quantities of aromatic diketone
and furan-diketone 2:1 adduct in benzene solution gavé low to medium
molecular weight polymers. Since the 2:1 adducts were generally obtained
in quantitative yield by a clean reaction, and attempts at purification,
as described above, resulted in no apparent improvement in purity, they
were used as prepared. As with preparation of polymers from diketones
and tetramethylallene, factors governing the choice of monomer
concentrations included the availability of monomers and their solubility
in benzene (diketones generally being the least soluble). Compensation
was made in quantities of reactants for the suspected presence of some
3:2 adduct in 'diF2°',

Polymers were obtained from diketones and 2:1 adducts as enumerated

below.

Diketone 2:1 Adduct Polymer Diketone 2:1 Adduct Polymer

(40). DiFM PolyFM (47) DiF4 PolyF4
(41) DiFP PolyFP (48) DiF5 PolyF5
(44) DiFl PolyFl (49) DiF6 PolyF6
(45) 'DiF2' PolyF2 (50) DiFl0 PolyF10
(46) DiF3 PolyF3

Total reaction products were quantitatively recovered by freeze
drying from benzene solution, and after examination they were dissolved and
precipitated from benzene into 40-60° petroleum a2ther. Polymers were

white or pale yellow solids.
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4.18 Solubility of Furan-Diketone Polymers

Solutions of polyFM, polyFP and polyFl0 were completely clear at
the end of the irradiation period, and the polymers were soluble in such
solvents as-chloroform, dichloromethane and benzene. Solutions of
polyF2, polyF5 and polyF6 showed turbidity at the end of the irradiation
period, whilst polyF3 and polyF4 solutions showed still greater cloudiness,
PolyFl was formed as a fairly heavy suspension on irradiation of a
0.0175M solution (in each monomer) for 200 hours. Irradiation of a more
dilute (0,00975M) solution for a shorter irradiation period (90 hours)

resulted in only a trace of turbidity.

4.19 Molecular Weights and Melting Characteristics of Furan-Diketone

Polymers

Molecular weights of polymers, as measured by the isopiestic method
in benzene solution, and corresponding D.P.'s(based on a repeating unit
comprising the molecular formulae of one diketone molecule and one furan
molecule) are recorded for crude and precipitated polymers in Table 4.6,
Temperatures at which the first apparent changeoccurredon heating
precipitated polymer samples in melting point capillaries are also
recorded.

Consistent molecular weights could be obtained for polyFl, polyF2,
polyF5 and polyF6 even though the benzene solutions of these polymers
showed traces of turbidity after the irradiation period. However,
molecular weights of polyF3 and polyF4 may only be treated as rough
estimates owing to distinct cloudiness in solutions used for molecular

weight determination. Various other solvents including ethanol,



203.

TABLE 4.6

Molecular Weights, Degrees of Polymerization and Melting

Characteristics of Furan-Diketone Polymers

a Molecular Weight (D.P.) Temperature at which

Polymer . Polymers Visiblg Changed

Crude Precipitated State (°C)
PolyFM 4800 (13.5) 8000 (22.6) 209°
PolyFP 1800 (5.1) 2200 (6.2) 188°
PolyFl | 5400 (12.1) 4300 (9.7) 204%
PolyF2 3400 (7.4) 6100 (13.3) 195°
PolyF3 | 6000 (12.7) 6500 (13.8) 192f
PolyF4 | 7600 (15.6) 9000 (18.5) 190°
PolyF5 3700 (7.4) 3500 (7.0) 176f
PolyFé6 4100  (8.0) 7300 (14.2) 180°

(| 2500 4.4 -

POLYFIO 11 2000 (5.1) 8600 (15.1) | 152f

Notes a) Polymers prepared as recorded in Table 4.14

b) Determined for precipitated polymers in melting point
capillaries

c) From 0.00975M solution - irradiation for 90 hours
d) After reirradiation
e) Sample darkened and became tacky

f) Sample became tacky,

dichloromethane, chloroform, carbon tetrachloride, acetone, ethyl
acetate, N-methyl-2-pyrrolidone, trichloroethylene, tetrachloroethylene,
DMF and dioxane proved no more satsifactory.
Maximum observed D.P.'s of the individual polymers ranged between ca.
6 and 23, the highest polymer being polyFM. The molecular weight of
8000 (4800 for crude polymer) may be contrasted with the low molecular

weight of 1250 obtained by direct irradiation of a benzene solution of
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m-dibenzoylbenzene and furan, althaugh the latter solution was the more
concentrated in moﬁomers, demonstrating the greater efficiency of the
technique utilizing a two stage synthesis.

Unlike the polymers from tetrémethylallene, the polymers from furan
as diene usuglly bécame rubbery and foamy on heating in melting point
capillaries. IOnly very short and broad fibres could be drawn from the
melt, 'Melting points' of polymers derived from 4,4'-dibenzoyldiphenyl-~
alkane diketones tended to decrease with increasing methylene chain
length,

The relatimship between 'melting point' and molecular weight for crude
polyFM is shown in Figure 4.6. Temperature of onset of melting initially
increased rapidly with increasing molecular weight and reached a plateau

value at a molecular weight of ca.4000 (D.P. ca. 11.3), (cf., polyIMAl).

4.20 Further Characterization of Furan-Diketone Polymers

With the possible exception -of polyF4, elemental analyses were in
satisfactory agreement with values required for photoaddition between
2:1 adduct and diketone.

(a) Model Compound Study

Characterization of polymers was aided by comparison with the
model systems: benzophenone-furan 1:1 adduct (63), furan-diketone 2:1
adducts (84) and the 2:1 adducts (65) and (66) formed between benzophenone
and furan. The photoreaction between benzophenone and furan in benzene
solution267 was repeated. Two adducts were isolated from the crude
reaction mixture, of melting points 191-192.5°C and 208-210°C compared

267 ; . : ' o o

to reported melting points of 192-193°C for (65) and 211-212"C for

(66). An infrared spectrum of the higher melting adduct (appendix C)
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FIGURE 46

Melting Point (T)” - Molecular Weight for PolyFM

T (°C)

100—

T T T T 1 T 1
O 10 20 3040506070 80 50

Mn x10~?

Note a) Determined as temperature at which polymer samples first softened
on heating in melting point capillaries.
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showed no C=0 stretch, and within the 1200-3900 cm-1 region, strong or
medium strength absorptions at 1080, 1020, 990, 960, 940, 935 and 910
cm-l. There was a fairly close resemblance between this spectrum and
those of the 1:1 adduct (63) and furan-diketone 2:1 adducts, with slight
differences in frequencies of bands in the 1100-900 cm-1 region. Bands
at 730 cm-1 and 1130 cm—l in the spectrum of the benzophenone-furan 1:1
adduct were noticeably absent in the spectrum of the higher melting 2:1
adduct,

An infrared spectrum of the crude mixture from the irradiation of
benzophenone and furan in benzene (containing both (65) and (66)) was very
similar to the spectrum of the 2:1 adduct described above, apart from a

slight residual C=0 stretch at ca. 1660 cm-l.

(b) Infrared Spectra of Polymers

Infrared spectra of typical samples of individual furan-
diketone polymers are recorded in Appendix C.
With the exception of polyFP, the infrared spectra indicated little or
no residual carbonyl group. Extremely broad absorptions in the 1050-900
am region could be observed with particular peaks frequently visible a 1020
1000, 975, 945, 925 and 900 cm-l. The overall merging of these
absorptions, which are individually characteristic of the model compounds,

to the extremely broad absorption observed is to be expected in

polymers containing structural units of the type (83).

Ar
I
0/,,——-{) L—I\O/“i—'“' ~

Ar
(83)
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A strong absorption at 1140 cm-1 in the spectra of the benzophenone-
furan 1:1 adduct (63) and the furan-diketone 2:1 adducts was absent in
the spectra of the polymers and benzophenone-furan 2:1 adducts.

The infrared spectra of the polymers, however, also showed a weak
to medium strength, broad absorption centred at ca.3550 cm_1 and suggestive
of the presence of OH grouping in the polymer. Checks on KBr blanks
showed that these dbsorptions were not ascribable to dampness in the KBr
used for preparing discs.

A weak absorption at 1730 cm-1 was also observed in the infrared
spectra of some of the polymers, particularly after storage of polymer
samples for a few months at room temperature (see section 4.24). The
1730 cm'-l absorption was particuarly noticeable with polyFP, even when

its infrared spectrum was recorded immediately after its preparation.

(¢c) N.m.r Spectra of Polymers

A 220 MHz spectrum of polyFM showed a complex series of
resonances between §6.15 and 83.1 in addition to aromatic absorptions
between 67.8 and 56.8. Overall aromatic to aliphatic integration was
satisfactory for pﬂotoaddition between m-dibenzoylbenzene and diFM.

The n.m.r. specﬁrum in the §6.15-3.1 region was resolved, using a
Dupont 310 Curve Resolver, into ten peaks, the resolved spectrum being
shown in Figure 4.7,

Evanega and Whipple267 reported ylelds of ca.29% and 18% for the
benzophenone-furan 2:1 adducts (66) and (65) respectively. The n.m.r.
spectra of these adducts have already been discussed, absorptions

occurring at §3.70 and §5.94 for (66) and at §4.27, 4.98, 5.31 and 5.92
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for (65). THF residue protons from corresponding structural units in
polyFM should be expected to give rise to absorptions at approximately

the same chemical shifts, as shown below.

H H l 8 ~ 5.94 (2 protons)
303
(:) 0—1_ /%E__O § ~ 3.70 (2 protons)

L—o
|
1

o—4

@ § ~ 5.92, 5.31, 4.98 and 4.27

(1 proton each)

If these structural units were in the polymer in the approximate
ratio (ca.3:;2) in which adducts (66) and (65) were obtained, then areas
under peaks at ~ §5.94, 5.92, 5.31, 4.98, 4.27, and 3.70 should be in the
approximate ratio 3:1:1:1:1:3 respectively.

In the resolved n.m.r. spectrum, peaks are observed at ca.$5.85,5.65,
5.35, 5.15, 4.85, 4.6, 4,15, 3.9, 3.65, and 3.25, corresponding relétive
areas under the curves being 28, 9, 5, 7, 5, 4, 5, 1, 21 and 12
respectively. The peaks at §5.85, 5.35, 4.85 (or 5.15), 4.15 and 3.65
compare favourably in chemical shift and intensity with the values
deduced above for polyFM and based on analogy with the benzophenone-
furan photoaddition reaction.

| This approach involves obvious limitations in assumption of the same

chemical shifts for the structural units in the polymer in the ratio 3:2
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(yields for (65) and (66) were reported after recrystallization267

),
leaves unassigned resolved absorptions (corresponding to ca.30% of the
total area under the resolved spectrum) particularly at §5.65 and §3.25,
and the actual curve resolution process involves some apéroximation.
However, it does provide an approach towards partial interpretation of
such a complex n.m.r. pattern for the polymer and is good evidence for
the presence of the postulated structural units. Additional structural
units are to be expected with the significant indication, from infrared
spectroscopy, of the presence of OH groups in the polymer.

A 90 MHz n.m.r, spectrum of polyFlO showed similar general features
to that of polyFM, with additional absorptions from methylene chain protomns,
but was generally too poorly resolved for detailed analysis. Major
absorptions could be observed at §7.5-6.9, 6§6.5-3.0 (with particularly
prominent absorptions at ca. §5.9 and 3.6) and §1.8.

N.m.r. spectra of other polymers, obtained at 60 MHz were generally

only sufficiently resolved to see aromatic protons clearly at the low

polymer concentrations employed.

4.21 Growth Characteristics of PolyFM

As with polymerization of polyTMALl, the growth of polyFM with time
was studied by irradiation at 350 nm, under identical conditions, of
benzene solutions of m-dibenzoylbenzene and diFM (0.01746M in each
monomer) for varying lengths of time. The number average molecular
weights of the resulting crude polymers are plotted as a function of time

in Figure 4.8.
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FIGURE 4 8

Molecular Weight - Irradiation Time for PolyFMa
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Note a) 0.0175M solutions of m-dibenzoylbenzene and difM in benzene
irradiated in RPR-208 Reactor,
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Reaction occurred slowly, an irradiation time in excess of 100 hours
being necessary to approach a plateau molecular weight of ca.2300 under
the conditions emplpyed. Prolonged irradiation for 500 hours under the
same conditions produced a crude polymer of molecular weight ca.2600.

Reaction appeared to follow second order kinetics there being a
linear increase in molecular weight (and hence BTE;) with time until the
plateau molecular weight was approached.

The complications inherent in a full kinetic treatment of the
reaction are generally analogous to those enumerated for the growth of
polyTMAl. However, the initial addition of carbonyl group to the first
C=C double bond of furan being accomplished in the preparation of diFM,
only the non-stereospecific consumption of the second furan double bond
would have to be considered in relation to the polymer growth mechanism.

Monitoring of the polymer growth by thin layer chromatography
also indicated the slowness of the reaction, materials of Rf values
corresp0nding.to starting materials still being present in the reaction
mixture after irradiation for 62 hours.

Polymer growtg was also followed by infrared spectroscopy.

Spectra of polymers obtained at the various stages of reaction are
reproduced in Figure 4.9. Consumption of the carbonyl group (1665 cm-l)
and development of the broad ca.l1150-900 cm_1 absorption 1is clearly
demonstrated. At the plateau molecular weight of ca,2300, residual C=0

group is detectable in the spectrum of the polymer.
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4.22 Effect of Concentration on Polymer Molecular Weight

Although a detailed study of the effect of concentration on plateau
molecular weight of a furan-diketone polymer was not performed, the
maximum molecular weight of ca.2600 for polyFM attained with an initial
monomer concentration of 0.01746M may be compared with the molecular
weight for crude polyFM of ca.4800 obtained with an initial monomer
concentration of 0.08456M. Thus, as with the tetramethylallene-diketone
polymerizations, increasing the initial monomer concentration appeared to
increase the plateau molecular weiéht of the polymer.

Reirradiation of polyFl0 (initially prepared at a concentration of
9.264 g/1) at an increased concentration of 15.33 g/l raised the

molecular weight of crude polymer from 2500 to 2900.

4.23 Thermal Stability of Furan-Diketone Polymers

A sample of polyFl stored for 9 months at room temperature showed

new medium-weak infrared absorption bands at 1730 cm_1 and 1660 cm-l.

(a) Pyrolysis of Polymers

(1) PolyFM

Heating of a sample of polyFM (molecular weight 8000) for
2 hours at a temperature of 245-250°C and pressure of ca.lO-3 mm.Hg
yielded furan as virtually the only volatile material. The furan
collected was equivalent to ca.35% of possible furan residues in the
polymer. The residual non volatile material consisted of orange-yellow
viscous matter around the neck of the pyrolysis flask, identified by
infrared spectroscopy as essentially m-dibenzoylbenzene, and a black

residue. The latter showed a strong C=0 stretch and largely weakened
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absorptions in the 1100-900 cm_1 region characteristic of the original
polymer. This data was consistent with cleavage of oxetane rings in
the main polymer chain and analogous to the aforementioned pyrolytic

cleavage of oxetanes to olefins and carbonyl compounds.

(ii) PolyFl
Samples of polyFl were heated for 2 hours at
temperatures of 100-1200, 200° and 270°C (and a pressure of ca.lO_3 mm.Hg)
Sample size was too small to yleld characterizable amounts of volatile
material.
Infrared spectra on residues from the polymer samples after heating

showed, at selected wavelengths, the features given below in Table 4.7.

TABLE 4.7

Infrared Data on Residues from Pyrolysis of PolyFl

Temperature Intensity of Absorﬁtions at Selected Wavelengths
of Heating
o) ~ 35(1>o 173({ 166c1> 128(1) 114(1) 1100-900 cm” Y
cm- cm= cm- cm~ cm”
100-120 w/m w w v v ®
little
200 W s s 8 m/s absorption
’ little
270 - w s s - absorption

The infrared spectrum of the residue obtained from heating polyFll
at 270°C corresponded essentially to that of diketone, comparable with

results from the pyrolysis of polyFM
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(b) Thermogravimetric Analysis

Typical thermogravimetric analyses (for polyFM and polyF6 in
nitrogen and static air) are recorded in Appendix D.. As with polymers
from TMA as diene, two step curves resulted from heating in air and
single step curves from heating in nit:rogen. Major weight loss occurred
in the 250-450°C region. For polymers derived from 4,4'-dibenzoyldiphenyl-
alkanes, 507 weight loss occurfed at temperatures of between ca.320
and 450°C, but threshold temperatures of decomposition and temperatures
corresponding to 50% weight loss were not always lower for analyses
of corresponding polymers in atmospheres of air compared to atmospheres
of nitrogen. |

To obtain information on the dependence of thermal stability on
molecular weight, five samples of polyFM (molecular weights: 500, 740,
1050, 1820 and 4600) were analysed in static air - for general conditions
see Appendix D. Tﬁe thermograms are shown in Figure 4,10. A general
trend of increasing thermal stability with increasing molecular weight
was apparent, being most noticeable in the 300-600°C temperature region.
The polymer sample of moleculér weight 500 was substantially less stable

than the sample of molecular weight 740.

4.24 Further Comment on the Stability of Furan-Diketone Polymers and

Adducts
Particularly noticeable in the spectrum of the residue from
pyrolysis of polyFl at 200°C was a strong absorption at 1730 Cm_l. Weak

absorptions at this wavelength in the infrared spectra of samples of

furan-diketone 2:1 adducts stored for several months have already been
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remarked on, as have similar weak absorptions in some furan polymers,

particularly after polymer storagej A strong absorption at ca.l730 cmm1
was also apparent in the infrared spectrum of the product from irradiation
of 4,4'-dibenzoyldiphenyl ether in furan.

A sample of diFl heated at 130-150°C for 5 hours at a pressure of

ca. 10-3 mm.Hg also showed a strong absorption at 1730 cm-1 together with

strong absorption at 1140 cm—l.

A rationalization of the appearance of the absorptions at 1730 cm-1
thus appeared to be a thermal effect causing some decomposition or
rearrangement reaction, and greatly enhanced by heating at temperatures
in the range ca.130-200°C.

An absorption at 1730 cm-1 is typically characteristic of an
aliphatic carbonyl compound, although C=C double bond frequencies may be
raised to this region as in the case of the exocyclic C=C double bond
observed in tetramethylallene-diketone polymers.

Some possible decomposition paths are indicated below although the
source of the 1730 cm"1 absorption has not been positively identified.

2
2,3-Dihydrofurans are known to undergo thermal 78,279

and photo-
280 ’

chemical rearrangement to cyclopropyl carbonyl compounds. Thus

2,3-dihydrofuran itself gives279 some cyclopropane aldehyde at 375°¢C

and 2-methyl-4,5-dihydrofuran is isomerizable278 to methyl ¢yclopropyl

ketone, ring fission occurring at the 1,5 bond (eq.4.12).

4 (4.12)
"\\ 0o~ Me — Ljé) fﬁA]\M —

C
€ 0/¢ \\‘Me
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The corresponding reaction for a furan-diketone 2:1 adduct would be (4.13).

T

— Ar' c : Ar' c
|
0

——koJ — cl)___/ oo (4.13)

Cyclopropane aldehyde may undergo further reaction (4.14).279

[>cuo - [[> ~+ CH,CH=CH, (4.14)

However the entropy change in going from a five-membered to a three-
membered ring condensed to a four-membered ring would be unfavourable

and structures of the types (86), (87), (88) prepared photochemically

Me
CHO
l :; :Me l":Me; \ CHO v CHO
Ph - Ph . Ph
(86) (87) (88)

from 2,3-dihydrofurans show a carbonyl stretch at ca.1690 cm-l.280

Rearrangements such as that shown in eq.4.15 may be postulated.

% p
— Ar' — C — — Ar' —
] H !l - ! I‘ (4.15)
0-—-&0 j O/
9 :

(89)
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However the carbonyl group in lactones of the type (89) is reported to
absorb in the 1800 cm“1 region.281
In addition to cleavage of oxetane rings in the polymer chains or

in 2:1 adducts, giving furan and aromatic carbonyl, the alternative

oxetane cleavage could be postulated, as exemplified by equation 4.16.

A~~~ Ar'—2C | Ar' ~~m~
0 —'—‘\O ’/'—— 0

(4.16)

Ar

| 4

A
— ~r Ar'—C=—=C } Ar' ~~~
0

0;L-0//‘_‘

Evanega and Whipp19267 have reported the thermal instability of the
'symmetrical' benzophenone-furan 2:1 adduct (66), sublimation giving a
43% yield of 1,1,4,4-tetraphenylbutadiene. 1,1,4,4-Tetraphenylbutadiene
shows no infrared absorption between 1780 and 1620 cm-l, and no evidence
for the presence of a correspodning link unit in furan-diketone polymers
has been obtained.

Cleavage in the 2:1 adducts, corresponding to that shown for the
polymer in eq.4.16 would give a structure of the type (90).

Ar

|
C=C-Ar'—
/

0 o

(90)
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However ,compounds of the type C0-0-C=C- show a marked increase in
carbonyl frequency, regardless of whether the douhle bond is normal or
. 282 . ) 256
part of an aromatic ring. Autooxidation' reactions of oxetanes,
tetrahydrofurans, and furans are well known.

For example,Z-oxaspiro[3.2]hexane undergoes283 autooxidation and

polymerization according to the equation (4.17).

CH CH—OOH
|2\/ S R

/ \CH/ cuz/ \cuz/ ‘

h (4.17)

CH COCH
[ >

0

- ~— CH,-C(CH,) -J-O ——
2 272

cuz/ \CHZOH

THF undergoes oxidation on prolonged exposure to air during storage,
the hydroperoxide undergoing thermal decomposition to y-butyrolactone

(eq.4.18).284

( ) -+ + H,0 (4.18)
\0)\— H 0 2

OOH 0

Autooxidation of 2-phenyloxetane is reported to give a product
that is a low polymer with carbonyl absorptions characteristic of a
phenyl ketone.256 The most easily abstractable hydrogen here is tertiary

hydrogen.
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Similar autooxidation reactions may be postulated for the furan-diketone

polymers and 2:1 adducts, for example as shown in reaction scheme (4.19).

Ph Ph rh
P o, Ph—-‘——/( Ph—| -
— 00— homolysis 0 ’/l\

HOO 0.

Rearrangement

H abstraction : | H abst-
raction
N 4
Ph ' rh
Ph—" /( P -~
M WP | Ot )\O/k
: 0 _

Reaction Scheme (4,19)
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The substantial recovery of furan, and the strong aromatic carbonyl
absorption in the residue, from pyrolysis of polyFM indicate a considerable
amount of cleavage as a reversal of the cycloaddition reaction forming

the oxetane ring.

4.25 Preparation of Furan-Diketone Polymers Derived from Two Diketones

De Schryver has pointed out that étep-growth photopolymerization
can provide a good method of preparing alternating copolymers.69 The
proposed structures for the polymers from furan and diketones, so far
described, contain alternate furan and diketone residues, The co-
polymerizafion technique should be further extendable to reaction between
a diketone and a furan-diketone 2:1 adduct derived from a second diketone

(eq.4.20).

0 0 Ar
|| " I Ar

Ar
] L
Ar-C-Ar'-C-Ar + L | j} /]l —¥3 polymer
0 0 —N\o0
Aac' XX A"

(4.20)

Such polymerizations are of interest since diketonés, such as p-
dibenzoylbenzene, that did not photopolymerize very efficiently with
furan-diketone 2:1 adduct might photopolymerize efficiently when photo-
reacted,in the form of furan-diketone 2:1 adduct with another readily
photopolymerizable diketone. Properties of polymers from such photo-
polymerizations could also be compared with the properties of the polymers

containing the individual diketone and furan residues.
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Thus photoreaction between 1,6-(4,4'-dibenzoyldiphenyl)hexane and
diFM in benzene solvent yielded a pale yellow polymer in quantitative
yield for photoaddition. The temperature of onset of melting of the
precipitated polymer was 190°C, intermediate between that of polyFM
(209°C) and polyF6 (180°C). The infrared spectrum of the polymer
(Appendix C) showed a weak residual C=0 stretch (1660 cm-l), and was in
general agreement with those of other furan-diketone polymer spectra.
Elemental analysis was satisfactory.

Irradiation at 350 mm of dilute benzene solutions of diFM with p-
dibenzoylbenzene, and the corresponding irradiation of diFP with m-
dibeﬁzoylbenzene under identical conditions produced polymers of
differing D.P. Elemental analyses for both polymers were satisfactory.
Molecular wéight and 'melting point' data is shown for the two polymers

in Table 4.8.

TABLE 4.8
Photopolymerization of m=Dibenzoylbenzene with DiFP and

of p-Dibenzoylbenzene with DiFM

Monomers Polymersa

Molecular Weight 'Melting point'b

2:1 Adduct Diketone P
| Crude Precipitated |Crude Precipitated9

DiFP m-Dibenzoylbenzene | 1410 2240 156 163
DiFM - [p-Dibenzoylbenzene | 990 1570 110 147

Notes a) Prepared as recorded in Table 4.15
b) Determined in melting point capillaries by development of
tackiness
¢) Under identical conditions,
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Infrared spectra of the two polymers were almost identical, but the
higher molecular weight polymer showed the stronger 'oxetane' absorptions
in the 1100-900 cm-l region. Both polymers exhibited a band at 1730 cm”1
in their spectra.

The higher molecular weight of the polymer from m-dibenzoylbenzene as
diketone was cdnsistent with the higher efficiency of m-dibenzoylbenzene

compared to p-dibenzoylbenzene in all photopolymerizations discussed in

this chapter.

4.26 Studies with 2,5-Dimethylfuran as Diene

Photopolymerization of diketones with 2,5-dimethylfuran was under-
taken partially with the aim of extending the scope of the photo-
polymerizations, and also to yield information on the source of OH grouping
(as indicated by infrared spectroscopy) in, and the cause of reduced

solubility of, polymers from furan (see section 4.27).

(a) Irradiation of 4,4'-Dibenzoyldiphenylmethane in 2,5-Dimethylfuran

Irradiation of 4,4'-dibenzoyl&iphenylmethane in 2,5-dimethy1fufan
at 350 nm yielded, on removal of excess diene, a mixture of at least
four components as determined by thin layer chromatography. An infrared
spectrum of the crude irradiation products showed a strong residual
carbonyl peak, a broad, weak absorption centred at ca.3500 cm_l, a weak-
medium strength peak at 1710 cm-1 and several peaks in the 1100-900 cm-1
region equivalent to corresponding peaks in furan adducts. No attempt
was made to separate the crude product mixture, 2,5-Dimethylfuran was

sufficiently involatile to attempt direct photopolymerization with

diketone in' a manner analogous to preparation of TMA-diketone polymers.
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(b) Polymerizations with 2,5-Dimethylfuran as Diene

Irradiation at 350 mm of benzene solutions containing equimolar
quantities of m-dibenzoylbenzene and 2,5-dimethylfuran and of 1,4-(4,4'-
dibenzoyldiphenyl)butane and 2,5-dimethylfuran yielded clear solutions
of polymers isolated by freeze drying-and precipitated as for furan
polymers. Elemental analyses were in good agreement with values required
for photoaddition between diene and diketone yielding polymer, and
yields were quantitative for such photoadditiom, Molecular weight and

'melting point' data is given in Table 4.9.

TABLE 4.9

Photopolymerization of Aromatic Diketones with 2,5-Dimethylfuran

Polymersa
Diketones Molecular Weight (D.P.) 'Melting Point'b
. (°c)
Crude Precipitated
m-Dibenzoylbenzene | 2400 (6.3) | 3000 (7.8) 158
1,4-(4,4'-Dibenz~
oyldiphenyl)butane 4000 (7.8) | 6700 (13.0) 155
Notes a) Prepared as recorded in Table 4.16
b) Determined for precipitated polymers by dévelopment
of tackiness

In contrast to furan polymers, good brittle fibres could be drawn
from the melt. Infrared spectra of the polymers (Appeﬂdix C) showed the
general chéracteristics of the furan polymers, but both 2,5-dimethylfuran-
diketone . polymers showed strengthened absorptions at ca.3550 cm-1 and
medium strength absorptions at 1700 cm-l. These features may be

analogous to those in polymers from TMA with hydrogen abstraction from
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methyl groups causing reacticns of the type (4.21).

I .

| _CoAr' -G |

o—/\0 N + Ar-C-Ar ﬁ‘."r (4.21)
3

I
0 o
3

OH
N N
— '— —
_hy, o Ar'-+_ C—Ar —C—Ar hy R
further v
0‘—7\\0 polymerization
CH,
cH, :

The 1700 cm-1 absorption could thus be assignable to a C=C double
bond exocyclic to a five membered ring and at lower frequency than the
analogous C=C double bonds exocyclic to four membered rings in TMA-
diketone polymers.

The iower molecular weight m-dibenzoylbenzene-2,5-dimethylfuran
polymer showed considerable residual C=0 stretch in its infrared spectrum.

However, in view of the reasonable polymer obtained from 2,5-
dimethylfuran and 1,4-(4,4'-dibenzoyldiphenyl)butane,with almost complete
consumption of carbonyl group, it is surprising that more complete
consumption of carbonyl group did not occur in the irradiation of 4,4'-
dibenzoyldiphenylmethane in 2,5-dimethylfuran. The 2,57dimethy1furan used
was of 'practical grade' purified by distillation. Poséiblyaaome
quenching effect due to the presence of unremoved or introduced impurities

was operating during the latter irradiation. Overall yields of oxetanes
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from benzophenone and 2,5-dimethylfuran are reportédlq9 to be only in
the 70% region compared to the virtually quantitatiwe yiélds with furan.
Since polymers could be obtained directly in a one stage reaction |
between diketone and 2,5-dimethylfuran, and chromatographic evidence
together with postulated hydrogen abstraction reactions rendered
quantitativg formation of 2,5-dimethy1faran-diketone 2:1 adducts unlikely,
the irradiation in excess 2,5-dimethylfuran was not repeated.
Thermograms of the two polymers from 2,5-dimethylfuran as diene
are recorded in Appendix D. Weight losé coﬁmenced at lower temperatures
(ca. 100°C) than with polymers from furan as diene. Thermograms were
two step curves with the exception of the one for the polymer from m-
dibenzoylbenzene and 2,5-dimethylfuran in a nitrogen atmosphere, which

was a single step curve, more than 10% by weight of sample remaining as

a charred residue at the end of the analysis.

4,27 Possible Competing Reactions in the Photopolymerization of Furan-

Diketone 2:1 Adducts with Diketones

Although polymers were successfully obtained from 2:1 adducts and
diketones the spectroscopic data on the polymers was inconsistent with the
only reaction occurring during irradiation being cycloaddition with
oxetane formation. Infrared specﬁra, particularly of polymers from
4,4'-dibenzoyldiphenylalkanes, were indicative of the presence of OH
groups. Solubilities of the polymers, compared to generally high
solubility of the 2:1 adducts used and the high solubility of tetramethyl-
allene polymers, and also the melting characteristics of the furan
polymers were suggestive of some occurrence of branching and/or cross-

linking during the polymerization process,
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Several possibilities exist for ghe rationalization of these
phenomena including:
1) Reaction with benzene solvent
2) Hydrogen abstraction from reactive methylene groups during
polymerizations involving relevant ketones.
3) Hydrogen abstraction from furan residues in 2;1 adducts or

growing polymer,

Interaction of benzophenone triplets with benzene solvent has already
been discussed in Chapter 2, diphenyl and benzopinacol being detectable as
the major products. A similar reaction is equally likely between
diketones studied here and the benzene solvent. Irradiation of m-
dibenzoylbenzene in benzene at 350 nm and subsequent removal of benzene
yielded a solid which, although substantially m-dibenzbylbenzene, and .
highly soluble in benzene, contained a second component (observed by
thin layer chromatography) and gave a just detectable OH absorption
around 3500 cm'-1 in 1its infrared spectrum.

The possibility of any hydrogen abstractions from benzene could bé
eliminated by use of a non-abstractable perfluorinated solvent such as
perfluoromethylcyclohexane or perfluorodimethylcyclobutane. However
the diketones were too insoluble in these solvents to allow such an
investigation.

The photoaddition between benzophenone and diphenylmethane,
involving hydrogen abstraction from the methylene group, has been
discussed in Chapter 2. Such a reaction occurring in the polymerization

process could provide one rationalization of the presence of OH groups
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and the occurrence of branching in polymers incorporating methylene

chains. Such reaction may be represented by equation (4.22).

0
~r r'-CHZ-Ar' ~r~ Ar-L-Ar'-CHz-Ar'4~v~
(4.22)
—bl) ~r~ Ar'——CH—Ar' ~~
Ar—-C—-AJ:'—-CHZ—-Ar' o

OH

Irradiation of 4,4'-dibenzoyldiphenylmethane in benzene at 350 nm
resulted in a small degree of photoreaction with the presence of OH

groups indicated by a weak,broad absorption centred at ca.3500 cm"1 in

1

3

the infrared spectrum, Wiﬁh an additional weak absorption at 1500 cm_
new absorptions were comparable with corresponding absorptions in the
polypinacol from the same diketone (section 4.29). The presence of a
small quantity of material insoluble in benzene, after the irradiation,
suggested that the material was not just linear polypinacol. Possible
interaction with benzene solvent has already been indicated but the
irradiations of m-dibenzoylbenzene and 4,4'-dibenzoyldiphenylmethane in
benzene produced materials with fundamentally differént solubilities.
Difficulties resulting from abstraction of oxetane hydrogens by
the carbonyl n,ﬁ* triplet have also been pointed out in Chapter 2. In
general, free radical reactions of cyclic ethers are well known, a-
hydrogens undergoing reaction most readily and the ease of formation of

free radicals from various cyclic ethers has been investigated.285
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A specific'example of a photoreduction involving hydrogen & to
ether oxygen is the photoreduction of benzophenone in methyl 2-octyl
ether, which proceeds at a rate ca.0.17 times that of photoreduction in
isopropanol.

Thus another feasible reaction accounting for the experimental
observations is abstraction of such a-hydrogené in competition with the

cycloaddition, an example of such abstraction being representable by

equation (4.23).

Ar Ar o
~~r~ Ar' L I Ar' ~~~ “
l__j J_l + Ar-C-Ar' ~n~
o 0

(4.23)

hy

Equivalent-branching reactions are not possible with TMA as diene,.

As pointed out earlier, 2,5-&imethy1furan was studied as an
alternative diene to furan partially to yield information on the source
of OH grouping in diketone~furan polymers and the cause of reduced
solubility of such polymers. Although the methyl hydrogens of 2,5-

dimethylfuran appeared to be abstractable,such abstractions, as with TMA
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as diene, could still lead to growth of I}A;ar polymers, whereas

abstractions of hydrogen o to furan oxygen (such hydrogens not being
present in 2,5-dimethylfuran) could lead to the formation of non-linear
polymers of lower solubility. The complete soiubility in benzene of the
polymer from 1}4-(4,4'-dibenzoyldiphenyl)butane and 2,5-dimethylfuran
was in marked contrast to the incomplete solubility of polyF4 in benzene,
and such observations, although not precluding other explanations, are
consisten£ with the occurrence of reactions of the type (4.23).

Thus a combination of reactions may be occurring during the
polymerization process, in competition with the cycloaddition reaction.
The above examples are illustrative of possible processes occurring,
although additional radical reactions, such as coupling of ketyl radicals

produced in the above processes, are not excluded.



c.

THE PREPARATION OF POLYBENZOPINACOLS
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4,28 Introduction

In Chapter 1, preparations of polybenzopinacols from benzophenone
type aromatic diketones were described, and the mechanism of the photo-
reduction process was reviewed in Chapter 2.

Photoreductive coupling to polybenzopinacols has been repeated and
extended with the aromatic diketones described in Chapter 3, largely as a
check on the purity of the diketones and the effectiveness of the

irradiation technique in producing the required excited species.

DISCUSSION

4.29 Reductive Coupling of Aromatic Diketones

(a) In 50:50 Benzene-Isopropanol Mixtures

Polybenzopinacols were prepared by irradiation at 350 mm of
aromatic diketones in a benzene-isopropanol mixture, On the basis of the
statement by Higg1n591 that a 50:50 mixture of the solvents was
satisfactory, providing a suitable balance between monomer solubility and
rate of reaction, a 50:50 (v/v) solvent mixture was initially employed
in this study. (In Higgins initial studies?o mixtures of 125 ml.
benzene and 125 ml, isopropanol were used as solvent. Subsequently91
in further studies, Higgins did not categorically state whether the
mixture was v/v, w/w or mole/mole. A 50:50 w/w mixture would have
required mare isoproﬁanol than used here. A 50:50 mole/mole mixture
would only have madé a small difference to the solvent ratio - densities
of benzene and isopropanol are 0,878 and 0.785 g/ml. respectively at 20°C).

The diketones enumerated below were photopolymerized to give the

corresponding polybenzopinacols.
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Diketone Polymer Diketone Polymer

(40) Polypinacol M (46) Polypinacol 3
(41) Polypinacol P (47) Polypinacél 4
(42) Polypinacol E (48) Polypinacol 5
(44) Polypinacol 1 (49) Polypinacol 6
45y Polypinacol 2 (50) Polypinacol 10

During the irradiation periods light to heavy precipitates were formed
from all but m-dibenzoylbenzene (v. light suspension), p-dibenzoylbenzene
and 1,10-(4,4;-dibenzoyldiphenyl)decane.

Freeze drying of the polymers was complicated by the nature of the
solvent mixture, the large proportion of isopropanol tending to cause
melting of the solvent mixture during the drying process unless external
cooling was employed. Following removal of the solvent, the polymeric
material, which still appeared damp, was dissolved so far as possible in
benzene and freeze dried. Where polymems precipitated out during the
irradiation they tended to cling to the side of the reaction vessel, making
quantitative recovery difficult. However, yields where a meaningful
comparison with weight of starting material used was possible tended to
be slightly higher than quantitative yields expected for polypinacol
formation, especially with polymers precipitated during irradiation.

This suggested occlusion of solvent by the polymer. Pearson, in his
studies on p-dibenzoylbenzene photopolymerization, note,d89 that a slight
amount of isopropanol was strongly absorbed by the oligomeric pinacol
obtained under 'strenuous' irradiation conditions.

Infrared spectra of the crude polymers are recorded in Appendix C.

: 90-92
They were generally in good agreement with published infrared spectra of
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polypinacols with a strong OH absorption at ca. 3560 cm—l although

palypinacol 2 showed considerable C=0 stretch (1655 cm-1

) and slight
residual C=0 stretch was also observed for polypinacol 1, polypinacol 4
and polypinacol 6. A weak absorption at ca.l710 cm_1 was noted in the
spectrum of polypinacol P,

Samples of polymers were dried under reduced pressure for 3 days @
77°C in attempts to remove any occluded solvent. This drying resulfed in
the appearance of a considerable C=0 stretch absorption in the iﬂfrared
sﬁectrum of polypinacol 1.

Attempts to precipitate polypinacol 1 and polypinacol 4 by dissolution
in dimethylsulphoxide and addition of this solution to methanol, following
the method ovae Séhryver,92 gave polymer samples containing occluded
methanol which could not be removed by drying under reduced pressure.

Molecular weights of polymer gamples were determined by the
isopiestic méthod with benzene or DMF as solvent. Moiecular weights are
recorded in Table 4.10 together with the temperature at which polymers
first became tacky on heating in a melting ppint capillary tube.
Polypinacol M, polypinacol 5, polypinacol 6 and polypinacol 10 exhibited
fairly high D.P.'s, the highlsfi. (ca.16) of polypinacol M being in
onsiderable contrast to earlier reports that the diketone formed only

very low molecular weight material or did not react.go’91

The molecular
weights of some polymers must be treated with caution owing to the presence
of insoluble material (e.g. ca.3% for a 'solution' of 0.0564 g. of
polypinacol 4 in 5.20 g. DMF), and molecular weights of polymers may be

gross underestimates as a result of occluded solvent. Pearson recorded

that drying of polypinacol P at 0,001 mm.Hg and 80°c gave material of



TABLE 4,10

Molecular Weights, Degrees of Polymerization and Melting

Characteristics of Polybenzopinacols

236.

Molecular Weight (D.P.)b

Polymera 'Meltin%oggint'b’c
Before Drying | After Drying

Polypinacol M | 48009  (16.6) | 4700°  (16.3) 158
Polypinacol P 13004 (4.5) - ' 143
Polypinacol E 3400° (8.9) | 2500° (6.6) 155
Polypinacol 1 950  (2.5)| 1400°  (3.7) 150
Polypinacol 2 2700 (6.9)| 2000°  (5.1) 134 |
Polypinacol 3 2300%°8  (5.7)| 2700%'8 (6.6) 133 i
Polypinacol 4 3500° (8.3) 4300°58 (10.2) 134
Polypinacol 5 9100%°8 (20.9)] - 116
Polypinacol 6  [10300° (23.0)| - 109
Polypinacol 10 126009 (25.0) - 92

Notes a) Prepared as recorded in Table 4.17.

b)
c)
d)
e)
£f)
g)

For crude polymer.
Temperature at which undried polymer becomes tacky-
Determined in benzene.
Determined in DMF.

After precipitation.
Incomplete dissolution of sample used in molecular weight

determination.

1570.

89

benzene or DMF) to ca.3800.

120°C was necessary to obtain a higher observed molécular weight of
For a polymer, ﬁn = 10,000, the presence of 1% by weight of
occluded solvent, molecular weight 60 (isopropanol); would lower the
observed molecular weight (as determined by the isopiestic method in

Only a small error is introduced if the

occluded solvent is that used for the molecular weight determination.

molecular weight 1335. Further drying with an increased temperature of

General variations in molecular weight, due to occluded solvent, could at
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least to some extent be related to methods of recovery of polymers.

The onset of melting of the polyfinacols occurred at fairly low
temperatures (< 160°C) and showed the usual trend with respect to length
of methylene chains. The temperature of onéet of melting of polypinacol M
(158°C) was considerably higher than the 'melting point' recorded by
Higgins (IAOQC)?O Polypinacol P and polypinacol E showed melting points

comparable to those obtained by Higgins (135°¢ 20 and 16090

or 165°C
respectively). Polypinacol 1 and polypinacol 2 showed lower temperatures
of onset of melting than the corresponding polypinacols of Higgins (160-
170 or 135-160°C and 170-185 or 165-170°¢ respectively - depending on
the preparative methodgl). The polypinacols generally gelted over a
10-20°C range; brittle fibres could be drawn from the melt.

A satisfactory elemental analysis was obtained for polypinacol 10.

Other polypinacols did not give satisfactory analyses,

(b) In Benzene-~Isopropanol Mixtures Containing More than 507 Benzene

Owing to the generally unsatisfactory nature of the polypinacols,
as obtained above, and especially in relation to complications caused by
precipitation of products, some polypinacol preparations were repeated in
benzene-isopropancl solvent mixtures containing a higher proportion of
benzene. &,4'-Dibenzoyldiphenylmethane, 1,2-(4,4'-dib;nzoyldiphenyl)ethane,
1,3-(4,4'-dibenzoyldiphenyl)propane and 1,5-(4,4'fdibenzoyldiphenyl)pentane
were photopolymerized using between 3:1 and 4:1 (v/v) ratios of benzene
to isopropanol. No precipitates were formed during irradiation under
these conditions, and polymers were readily isolated by freeze drying.

Infrared spectra of polymers (Appendix C) showed no trace of residual
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C=0 stretch and molecular weights of all polymers could readily be
determined in benzene with no solubility problems. Molecular weights

and 'melting points' are recorded below in Table 4.11, for the crude

polymers. .
TABLE 4.11
Molecular Weights, Degrees of Polymerization and Melting
Characteristics of Polybenzopinacols Prepared in 3:1-4:1
Benzene-1sopropanol Mixtures
Polymera Molecular Weight (D.P.) 'Melting Point'b °c)

Polypinacol 1 14700 (38.8) 160
Polypinacol 2 3700 (9.4) 147
Polypinacol 3 4400 (10.8) 138
Polypinacol 5 7900 (18.2) 120

Notes a) Prepared as recorded in Table 4,18

b) Recorded as temperature at which polymer samples became
tacky

Particularly noticeable was the marked increase in D.P. for polypinacol 1,
The molecular weight of polypinacol 2 was probably limited by the low
solubility of monomer, necessitating photopolymerization in very dilute
solution (ca. 0,005M). Availability of 1,3-(4,4'-dibenzoyldiphenyl)prOpane
and 1,5-(4,4'-dibenzoyldipheﬁyl)pentane also limited their photopolymerizations
to fairly dilute solutions.

Suitable precipitation of the polymers would be expected to give
improved molecular weights, but was not performed, partly in view of
the small quantities of material being examined.

Elemental analyses of éolypinacol 1, polypinacol 2 and polypinacol 3
were fairly satisfactory, particularly compared to analyses for the

corresponding polymers prepared in the 50:50 solvent mixtures.
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(c) Some Comments on the Differing Results Obtained for

Photopinacolizations in the Varying Benzene-Isopropanol Mixtures

It appeared, from the results described above, that increasing
the proportion of benzene in the solvent mixture gave an improved pinacol
solvent, allowing complete consumption of carbonyl groups with formation
of linear polypinacols during the irradiation period. However, the
polypinacdls that precipitated out in a 50:50 mixture of benzene-
isopropanol during irradiation were not soluble in the 'improved' solvent
nor in neat benzene. A possible explanation for this would be that
irradiation of the polypinacol,once precipitated as a solubility effect,
effected a chaﬁge in this material causing its subsequent insolubility
in any improved solvent.

To.testlthis theory a thin solid layer of soiuble polypinacol 1,
obtained by irradiation in a 3:1 benzene-isopropanol solvent mixture,
was cast around the surface of a round bottomed flask (residual pressure
within flask was ca10-3mm.Hg) and irradiated at 350 mm for 3 days. The
resulting matérial was virtually insoluble in benzene compared to the
complete solubility of the polymer before this irradiation. An infrared
spectrum of the insoluble material revealed that a carbonyl group had
been regenerated (as indicated by a medium strength abspfption at ca.
1655 cn”l).

Benzopinacol is known to undergo alkaline cleavage to benzhydrol

and benzophenone (eq.4.24).88

thc(ou)c(ou)th -+ thcuou + thco (4.24)
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Such alkaline cleavage could result from contact of polymer with a glass
sprface, regenerating the carbonyl grodp either on heating or during an
irradiation, Cleavage products from benzopinacol, however, are much
more soluble in alcohol than benzopinacol itself.88 Regenerated
carbonyl grouping (or any residual carbonyl in the polymer) could abstract
a hydrogen from the reactive methylene groups present (gf. photoreaction
of benzophenone and diphenylmethane) causing a branching reaction
(possibly-as é solid phase reaction) as postulated for furan~diketone
polymers, and causing decreased polymer solubility.

More complex radical reactions could also be effected, for example

as a result of any residual oxygen during irradiations.

(d) Thermogravimetric Analysis of Polybenzopinacols

Typical thermograms (for polypinacol M and polypinacol 10
prepared in a 50:50 benzene-~isopropanol mixture) are recorded in
Appendix D. Two step curves were again observed for polypinacols heated
in air (> 807% weight loss being covered by the firgt step of the curve)
and single step curves for polypinacols heated in a nitrogen atmosphere.
For polypinacols derived from the 4,4'-dibenzoyldiphenylalkanes, 50%
welght loss was observe& at temperatures of between ca.345 and 375°C
in air, and 355 and 410°C in nitrogen, decomposition occurring more

rapidly in air than in nitrogen.
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4.30 Studies with Dichloromethane as Solvent

In view of the low solubility of 1,2-(4,4'-dibenzoyldiphenyl)ethane
in benzene, the possibility of the use of dichloromethane as solvent, in
which the diketone was faifly soluble, was investigated. Dichloromethane
had been used ;s a cosolvent with isopropanol in the preparation of
polybenzopinacols.92

| However, both attempts to photopolymerize 1,2-(4,4'-dibenzoyl-
diphenyl)ethane with TMA in dichloromethane, and to prepare the furan 2:1
adduct of the diketone with dichloromethane as cosolvent to furan failed.
In each case material of molecular weight of the order 103 was produced.
Infrared spectra indicated the presence of OH groups, particularly
in the product from attempts to prepare furan 2:1 adduct, and showed
little absorption bgtween 1000-906 cm-l.

Subsequént irradiation of m-dibenzoylbenzene in dichloromethane gave
at least one product in addition to unreacted m-dibenzoylbenzene, and
the crude material obtained from thé reaction mixture was orange-brown
in contrast to the white or pale yellow products obtained from successful
irradiations. Again infrared spectroscopy indicated the presence of OH
groups,

Irradiations in dichloromethane thus appeared to involve a not
unreasonable abstraction reaction from the solvent. Hydrogen abstraction
followed by polymerization processes (not involving oxetane ring formation)
presumably yielded the materials isolated with molecular weights of

ca.103.
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4.31 Conclusiong

Polymers have successfully been prepared by step-growth photo-
polymerizations utilizing the Paterno-Biichi reaction and yielding
polymers with oxetane rings in the main chains. Hydrogen abstraction
reactions appear to have been the major competing reactions, accounting
for the presence of OH groups in polymers. Polymerizations with tetra-
methylallene as diene were more succeésful than polymerizations with
furan, the physical properties of the tetramethylallene-diketone polymers
being consistent with, essentially, the formation of linear polymers, and
abstraction reactions, as expected, leading to propagation of the polymer
chain. The physical properties of the polymers prepared from furan as
diene, on the other hand, generally suggested that some reactions
occurring dpring the photopolymerization resulted in branching and/or
crosslinking. Some possible branching reactions have been considered,
and one of the.major branching reactions may well result from abstraction
of hydrogen atoms « to furan residue oxygens. Photopolymerizations have
been performed in benzene solvent; dichloromethane is unsuitable.

Polybenzopinacols have also been prepared, by irradiation of
diketones in 50:50 v/v benzene-isopropanol solvent mixtures, and also
by irradiation in benzene-isopropanol mixtures containing more than 50%
by volume of benzene. The latter solvent mixtures yielded the more
soluble and generally higher molecular weight polymers,

Contrary to earlier reports,go’91 m-dibenzoylbenzene was found to
readily undergo photopolymerization reactions yielding polybenzopinacols
and polyoxetanes, The D.P.'s obtained with m-dibenzoylbenzene as diketone

were comparable with those from 4,4'-dibenzoyldiphenylalkane diketones,
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consistent with the similarities between the absorption spectra of these
diketones, as discussed in Chapter 3., p-Dibenzoylbenzene, where the

n -+ n* absorption of the carbonyl chromophore was less well resolved from
the nm = n* gbsorption, gave only oligomeric material. Pearson89 has
shown that the course of the reaction of p-dibenzoylbenzene irradiated
in isopropanol is complex and variable. 1In the course of the present
work, all polymers from p-dibenzoylbenzene have shown anomalous
absorptions in the 1700-1800 cm_1 region of their infrared spectra,
Improved furén-diketone polymers containing p-dibenzoylbenzene residues
could be prepared by irradiation of furan-p-dibenzoylbenzene 2:1 adduct
with a more reactive diketone. &,4'-Dibenzoyldiphenyl failed to
photopolymerize with tetramethylallene, consistent with the submergence
of its n = n* absorption under the m - n* absorption and its reported91
failure to give a polybenzopinacol.

Whereas polymers from tetramethylallene as diene appeared to be
stable at room temperature, furan adducts and polymers were unstable,
storage for several months at room temperature causing noticeable change
in their infrared spectra. Several hypotheses can be advanced to account
for this observation, but firm conclusions have not been drawn. 4,4'-
Dibenzoyldiphenyl ether failed to give a furam 2:1 adduct, a strong
absorption at ca.l1730 cm_1 in the infrared spectrum of the product from
attempts to prepare the adduct being consistent with the hypothesis that
a process comparable to the reactions which occur slowly on storage of
other furan adducts and polymers is much more rapid, or is photochemically

promoted, with this diketone,
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4;32 Photopolymerization of Aromatic Diketones with Tetramethylallene,

and Related Investigations

Aromatic diketones were prepared as described in Chapter 3.
Tetramethylallene was purchased from Aldrich Chemical Co. Inc. and used
as obtained. Examination by n.m.r. and v.p.c. indicated no detectable

impurities.

(a) General Method of Polymerization

Benzene solutions containing equimolar quantities of aromatic

diketone and TMA were irtadiatéd at 350 nm.

A solution of the diketone in benzene was placed in a cylindrical
Pyrex reaction vessel and dry N2 was bubbled tﬁrough_the solution for
at least 30 minutes, The TMA, a liquid b,p. 700, was then injected from
a calibrated micro syringe into the solution via the nitrogen étreaming
system., The use of a calibrated micro syringe provided an accurate
means of measuring TMA quantities. Quantities of TMA Qere also checked
by difference weighings, verifying that the micro syringe used gave highly
reproducible results, After injection of the TMA, the benzene solution
was streamed with nitrogen for a further few minutes. The reaction
-vessel was then quickly stoppered with a ground glass Stopper and the
solution irradiated in aIRayonet Type RPR-204 breparative photochemical
reactor fitted with four RUL-35008 lamps, The reaction temperature
was ca, 30°C.-

After irradiation the solutions were clear and either colourless or
pale yellow. Solu;ions were transferred to round-bottomed flasks, and

benzene solvent was removed by freeze drying to yield white or pale yellow
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polymers, quantitatively, as fine powders. Crude polymers were generally
dissolved in a few ml. of dry solvent benzene and precipitated by dropwise
addition of the benzene solution to dry, stirred A.R, 49-600 petroleum
ether (3-4 times the volume of benzene solvent used). The precipitated
polymer was filtered off and freeze dried from benzene solution,

Quantities and concentrations of reactants, irradiation times and state

of solutions after irradiation, for typical experiments, are recorded in
Table 4.12 together with analytical data. Infrared spectra of polymers are
recorded in Appendix C, and molecular weights and melting characteristics

are given in Table 4.2,

(b) Irradiation of Benzophenone and Tetramethylallene in Benzene

The procedure was as for aromatic diketone-TMA photopolymerizations.
Benzophenone (1.824 g., 0.0100 moles) and TMA (1.174 g., 0.0122 moles)
dissolved in benzene (17 ml.) were irradiated for 113 hours at 350 nm.

After irradiation the resulting colourless solution was transferred to a
round-bottomed flask and freeze dried, yielding a white solid. Thin layer
chromatography of the crude solid on silica gel, developing with benzene,
showed at least four components. The infrared spectrum of the product

mixture is recorded in Appendix C.

(c) Effect of HCl on PolyTMAM

PolyTMAM (0.27 g., molecular weight 6100) was dissolved in
benzene (15 ml.), and HCl gas was bubbled slowly through the solution for
3 nr, The solution, initially a straw yellow colour, darkened to a
medium yellow colour during passage of the HCl., The resulting solution
was freeze dried to yield a pale yellow solid (molecular weight 1100).

The infrared spectrum is recorded in Appendix C.
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(d) Efféct of Initial Monomer Concentration on Molecular Weight of

PolyITMAl Attained after Irradiation for 22 Hours

Seven solutions, each equimolecular in 4;4'-dibenzoy1diphenyl-
methane and tetramethylallene, containing the monomers at concentrations
of 0.00335, 0,00693, 0.0136, 0.0319, 0,0531, 0.0885 and 0.1117M, in
benzene solvent (20 ml.) were prepared in identical cylindrical Pyrex
reaction vessels in the conventional manner.

| The sélutions were placed in a Rayonet MGR-100 Merry-Go-Round fitted
within a Rayonet Type RPR-208 preparative photochemical reactor equipped
with 8 RUL-BSOOX lamps. The solutions were irradiated for 22 hr, and after
irradiation the resulting polymers were recovered by freeze drying and
molecular weights of the individual polymers measured.
Molecqlqr weights of crude polymers (in order of increasing initial

monomer concentration) were 2100, 3000, 3800, 5400, 7500, 9900 and 10,600.

(e) Effect of the Period of Irradiation on Molecular Weight of

PolyTMA1

Eight solutions containing 4,4'-dibenzoyldiphenylmethane (0.1500 g.,

0.000398 moles) and tetramethylallene (6.0383 g., 0.000398 moles) in
benzene (20 ml.), giving solutions 0,0199M in each reactant, were
prepared in identical Pyrex reaction vessels in the conventional manner.
The Pyrex reaction vessels were placed in a Rayonet MGR-100 Merry-
Go-Round fitted within a Rayonet Type RPR-208 preparative photochemical
reactor equipped with 8 RUL-35008 lamps, and the solutions irradiated.
Solutions were removed after irradiation périods ﬁf 0.37, 0.6, 1.0,

1.2, 1.5, 2,05, 3.0 and 20 hr. and crude polymers recovered by freeze
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dfying and molecular weights determined. Molecular weights of the
polymers (iﬁ order of increasing irradiation period) were 770, 1000,
1850, 2570, 3400, 4070, 4220 and 4450.

A further six identical solutions were irradiated in a similar
manner for periods of 15.4, 24.1, 40.5, 63.7, 87.9 and 160 hr. Molecular
weights of the crude polymers were determined, as above, to be 4640, 4560,

4590, 4600, 4470 and 4400 respectively.

- (£f) Pyrolysis of PolyTMAl

PolyTMAl (0.420 g., molecular weight 10,000) was placed in a
round-bottomed flask and the latter fitted to conventional vacuum
transfgr.apparatus, the other 1limb of the transfer apparatus leading to
a trap cooled in liquid air.

The polymer, at a pressure of ca.10-3mm.Hg, was heated'fairly
rapidly.Atca.zoooC darkening and softening occurred. Bubbles appeared
in the softened material at 260°C. The polymer was maintained at a
temperature of 280-290°C for 1.5 hr., during which period droplets of
yellow viscous oil formed around the neck of the flask containing the
ﬁolymer. 'A brown residue remained at the conclusion of the pyrolysis and
a white solid_(0.0lS g.) vaporizing at room temperature, was observed
in the cold trap.

An infrared spectrum of the trapped volatile material showed peaks

1 1 1(

(m), 3000-2860 cm™ ~(m), 2350 cm”!(m-w), 1960 cm™

1

at ca. 3120-3030 cm w),

1800 cm_l(w), 1740 cm
1 1

(m), 1480 cm” “(m), 1375 e l(m-w), 1220 cm™ > (m-w),

1 1

1040 cm (m), 797 em (w), 730 cm (W), 673 cm (s). Infrared spectra of

the residues in the pyrolysis flask both corresponded, in terms of gross

!
structure, to 4,4'-dibenzoyldiphenylmethane.
|
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A mass spectrun of the volatile material showed prominent peaks at
m/e 92, 91, 78 (base peak), 77, 68, 58, 57, 56, 52, 51, 50, 44, 43, 42,

41, 39, 28.

4.33 Studies with Furan as Diene

Laboratory reagent grade furan was fractionally distilled twice
(column 15 cm x 2 cm diameter, glass helices), collecting the fraction
b.p. 31.5-32.5°C, and used immediately. Aromatic diketones were prepared

as described in Chapter 3,

(a) Direct Irradiation of an Equimolar Solution of m~Dibenzoylbenzene

and Furan in Benzene

A solution pf m-dibenzoylbenzene (4.000 g., 0.01397 moles) in

benzene (70 ml.) was placed in a Pyrex ampoule and furan (0.951 g.,
0.0139 moléé) syringed directly into the solution. The resulting
solution was degassed by two freeze-thaw cycles and the ampoule sealed
under vacuum. The éolution was irradiated for 670 hr. at 350 nm, using
a Rayonet fype RPR-204 preparative photochemical reactor fitted with four
RUL-35008% 1amps. The reaction temperature was ca.30°C. After irradiation
the solution was clear and of medium yellow colour,

Product was recovered by freeze drying to yield a pale yellow solid,
molecular.weight 1250. The infrared spectrum of the solid is recorded

in Appendix C,.

(b) Preparation of Furan-Aromatic Diketone 2:1 Adducts

A solution of the aromatic diketone in a large excess of furan
was placed in a cylindrical Pyrex ampoule, degassed by 2-3 freeze-thaw

cycles and the ampoule sealed with the contents frozen and under vacuum.
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After careful thawing the furan solution was irradiated in a Rayonet
Type RP4-204 preparative photochemical reactor fitted with four RUL-
35008 lamps (reaction temperature ca.BOOC). After irradiation, solutions
were generally clear and colourless or straw yellow. Furan was removed by
vacuum transfer to give the products as white or creamy-~white solids.
Yields were quantitative for formation of 2:1 adducts.

Owing to the low solubility of 1,2-(4,4'-dibenzoyldiphenyl)ethane
in furan, it was necessary to use a mixed solvent of furan and benzene
to obtain fufan adduct on a preparative scale.

Thin layer chromatography of the products obtained directly after
irradiations and on removal of the furan showed only a single sh#rp
component.

Data on typical preparations of individual furan adducts is recorded
in Table 4.13. Infrared spectra of the adducts are recorded in Appendix
C, and molecular weight and melting point data are recorded in Table 4.3

and section 4.16 respectively.

(¢) Irradiation of More Concentrated Solutions of Aromatic Diketones

in Furan
Experimental procedures were as described for other irradiations
of aromatic diketones in furan.

(i) 4,4'-Dibenzoyldiphenylmethane

4 4'-Dibenzoyldiphenylmethane (0.500 g., 0.00133 mole) in
furan (10 ml.) was irradiated at 350 nm for 290 hr. The solution was
colourless and clear after irradiation. Furan was removed by vacuum

transfer to yield a white solid, molecular weight 617. An infrared



Preparation of Furan-Diketone 2:1 Adducts

TABLE 4.13
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Quantities of Reactants | Molarity of | Irradiation

Diketone [2:1 Adduct Solution Peri-od_2

Diketone (g) | Furan (ml) | Irradiated |(hr x 10 7)
(40) DiFM 1.950 200 0.0340 3.1
(41) DiFP 1.400 150 0.0326 5.8
' (42) - 1.400 150 0.0246 3.8
(44) DiF1 1.700 160 0.0282 5.3
(45) DiF2 0.402 55° 1.7
(46) DiF3 0.332 80 0.0103 5.6
(47) DiF4 0.900 140 0.0154 3.3
(48) DiF5 0.110 30 0.0085 3.5
(49) DiF6 0.900 100 0.0201 4.4
(50) DiF10 0.336 80 0.0084 4.7

Note a) 140 ml. benzene used as cosolvent,
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spectrum of the product showed no residual C=0 stretch at 1655 cm—l,

several strong absorptions between 1050 and 900 <:m-1 and was virtually

identical to the spectrum of diFl recorded in Appendix C.

(ii) m-Dibenzoylbenzene

m-Dibenzoylbenzene (ca. 2.5 g., 0.,0087 moles) in furan
(10 ml.) was irradiated at 350 nm for 240 hr. At the end of the
irradiation period there was a yellow deposit in the tube. Furan was
removed by vacuum transfer to yield a dark yellow solid. An infrared
spectrum of the solid showed a fairly strong residual C=0 stretch at ca.
1660 cm_1 and several absorptions between 1050 and 900 <:m-1 corresponding

to those in the spebtrum of diFM.

(d) Irradiation of Benzophenone in Furan

The usual procedure for irradiationsin furan was followed.
A solution of benzophenone (0.3916 g., 0.00215 moles) in furan
(70 ml.) was irradiated at 350 nm for 160 hr. After irradiation the
solution was clear and colourless, Furan was removed by vacuum transfer
Eo yleld a white solid;
Thin layer chromatography on silica gel, developing with chloroform
and with benzene, indicated a single component, The infrared spectrum of

the product is recorded in Appendix. C.

(e) Irradiation of Furan-Aromatic Diketone 2:1 Adducts with Aromatic
Dikétones | |
A solution containing equimolar quantities of aromatic diketone
and corresponding furan-aromatic diketone 2:1 adduct in benzene was placed

in a cylindrical Pyrex reaction vessel and dry nitrogen was bubbled
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through the solution for at least 30 minutes. The reaction vessel was
then quickly stoppered with a ground glass stopper and the solution
irradiated in a Rayonet Type RPR-204 preparative photochemical reactor
fitted with four RUL-3500% lamps‘(reaction temperature ca.30°C). During
irradiation some solutions became slightly cloudy.

After irradiation, solutions were transferred to round<bottomed
flasks and benzene was removed by freeze drying to yleld polymers as white
or very pale yellow fine powders. Yields of crude polymers corresponded
virtually qﬁanfitatively to the combined initial weight of aromatic
diketone and 2:1 adduct.

The quantity of diketone used with the furan adduct of 1,2-(4,4'-
dibenzoyldiphenyl)ethane was calculated on the basis of the significantly
higher molecular weight of the furan adduct,and the assumption that
the latter was a mixture of furan-diketone 2:1 and 3:2 adducts,

Crude polymers were precipitated by dissolution, so far as possible,
in a few ml. of dry benzene and dropwise addition of this solution to
dry AR 40-60° petroleum ether, The precipitated polymer was filtered
off and freeze dried from benzene solution,

Quantities and concentrations of reactants, irradiation times, state
of solutiéons after irradiation and analytical data, for typical photo-
polymerizagions and polymers, are recorded in Table 4.14., Infrared
spectra of polymers are recorded in Appendix C and molecular weights

and melting characteristics are given in Table 4.6,
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(f) Irradiation of Benzophenone and Furan in Benzene

A solution of benzophenone (9.050 g., 0.04966 moles) in benzene

(58 ml.) was placed in a Pyrex reaction vessel and streamed with nitrogen
for 30 min, Furan (5.620 g., 0.0825 moles), after being nitrogen streamed
for 15 min, was injected into the solution via the nitrogen streaming
system, The solution was nitrogen streamed a further few minutes and the
reaction vessel than quickly stoppered. The solution was irradiated at 350
nm for 330 hr. in a Rayonet Type RPR-204 preparative photochemical
reactor fitted with four RUL-3500% lamps. At the end of the irradiation
period there was a pale yellow precipitate at the bottom of the tube
and the solution wag pale yellow.

Thin léyer chromatography of the precipitated solid on silica gel
(developing with dichloromethane) indicated three major components and
one minor component, Infrared spectroscopy showed a very weak absorption
at 1660 cm L.

A portion of the precipitated solid was repeatedly recrystallized
from benzene to give benzophenone-furan 2:1 adducf (66) as a white solid

(0.3 g., m.p. 208-210° (1it. 209-211°%%7

), infrared spectrum in Appendix
c.).
A portion of combined crude reaction products was repeatedly

recrystallized from THF to give bengophenone-furan 2:1 adduct (65) as a

0267

white solid (m.p. 191-192.5°, (1it. 192-193°°"")),

(g) Effect of the Period of Irradiation on Molecular Weight of PolyFM

A solution of m-dibenzoylbenzene (0.8000 g., 0.002794 moles)
and diFM (1.1800 g., 0.002794 moles) in benzene (80 ml.) was prepared,

and 10 ml, aliquots of this solution were placed in each of eight identical
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Pyrex reaction vessels and prepared for irradiation in the conventional
manner ,

The Pyrex vessels were placed in a Rayonet MGR-100 Merry-Go-Round
fitted within a Rayonet Type RPR-208 preparative photochemical reactor
equipped with 8 type RUL-35008 lamps and the solutions were irradiated.

Seven of the tubes were removed after irradiétion periods of 2,55,
6.5, 11.1, 22.1, 37.4, 56.2, and 78.9.h£. and .crude polymers recovered by
freeze drying and molecular weights determined. Molecular weights of the
polymers (in order of increasing irradiation period) were 410, 500, 570,
740, 1060, 1390 and 1820.

Samples were withdrawn from the remaining reaction vessel after
irradiation periods of 123.0, 166.9 and ca.500 hours, Molecular weights
of polymers isolated from these samples were, respectively, 2230, 2330
and 2600,

Monitoring of Reaction by Thin Layer Chromatography

A solution of m-dibenzoylbenzene (0.1000 g., 0.000349 moles)
and diFM (0.1475 g., 0.000349 moles) in benzene (20 ml.) was prepared in
the usual manner and irradiated at 350 nm in a Rayonet Type RPR-204
preparative photochemical reactor fitted with four RUL13SOOX lamps.
Samples of solution were withdrawn after irradiation periods of 23 hours,
62 hours and 119 hours and examined by thin layer chromatography on
silica gel (developing with chloroform). The first two samples both

showed components corresponding fn R_ value to starting materials.

f
The third sample showed only a single component (Rf value < 0.02) and

no evidence of starting materials,
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(h) Pyrolysis of Furan-Diketone Polymers and 2:1 Adducts

(i) Pyrolysis of PolyFM

PolyFM (0.400 g., molecular weight 8000) was placed in a
round-bottomed flask and the latter fitted to one limb of a conventional
vacuum transfer system, the other limb leading to a trap cooled in
liquid air.

The polymer was heated (at a pressure of ca, 10-3mm.Hg), and
darkening and melting occurred at ca.210-240°C. The polymer was maintained
at a temperature of 245-250°C for a period of 2 hr., during the early
stages of which bubbles formed in the polymer and a white solid began to
collect in the trap. The polymer slowly shrank to a black residue and
droplets of viscous orange-yellow material collected around the neck of
the pyrolysis flask.

Trapped volatile material was identified by v.p.c., infrared
spectroscopy and mass spectroscopy as furan (0,0265 g.). The orange-
yellow viscous material was identified by infrared spectroscopy as
essentially m-dibenzoylbenzene. The black residue showed a strong
absorption at ca.l660 cm-1 in its infrared spectrum. Absorptions in the
1100-900 ém-l region were generally largely weakened compared to

corresponding absorptions in polyFM.

(i1) Pyrolysis of PolyFl

PolyFl (ca. 0.04 g, samples, molecular weight 4300)
contained in a round-bottomed flagk and fitted to the vacuum tramnsfer
‘gystem as above, was heated (at a pressure of ca.10-3mm.Hg) under the

‘following conditions.
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1) 100-120°C for 2 hr.
i1) 200-205°C for 2 hr.
iii) 270°C for 2 hr.

Traces of trapped volatiles were obtained in each case, but in insufficient
quantities to allow characterization. The infrared spectra of the

residues have been discussed earlier - see Table 4.7.

(111) Pyrolysis of DiFl

DiF1 (0.183 g.) was placed in a round-bottomed flask and
the flask fitted to the vacuum transfer system as above. The adduct was
heated for 5 hr. at a temperature of 130-150°C and a pressure of ca.lO-3
mm.Hg. At the end of the pyrolysis, a clear colourless residue remained
in the flask, setting to a white solid on standing. Infrared spectroscopy
of the solid showed strong absorptions at 1730 cm-l and 1140 cm-l, and a

medium-weak absorption at 1660 cm-1 in addition to basic absorptions of

diFl. Insufficient volatiles were collected to allow characterization.

(i) Preparation of Furan-Aromatic Diketone Polymers Derived from

Two Differing Diketone Monomers

Furan-diketone 2:1 adducts were photopolymerized with a diketone
differing from the diketone residue of the 2:1 adduct, The experimental
procedure was exactly as described for conventional 2:1 adduct~diketone
polymerizations. Data for the photopolymerizatioms is given in Table 4.15,
together with analytical data on the polymers. Infrared spectra of the
polymers are recorded in Appendix C and molecular weights and melting
characteristics are given in Table 4.8, Yields of crude polymers were

quantitative for photoaddition between 2:1 adduct and diketone.
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4.34 Studies with 2,5-Dimethylfuran as Diene

'Practical' grade 2,5-dimethylfuran was fractionated as described
for furan, collecting the fraction b.p. 93.0-93,5°.

Diketones were prepared as described in Chapter 3.

(a) Irradiation of 4,4'-Dibenzoyldiphenylmethane in 2,5-Dimethylfuran

A solution of 4,4'-dibenzoyldiphenylmethane (0.298 g., 0.000791
moles) in 2,5-dimethylfuran (45 ml.) was placed in a Pyrex ampoule,
degassed by three freeze-thaw cycles and the ampoule sealed under vacuum.
The resulting solution was irradiated at 350 nm for 240 hr. in a Rayonet
Type RP4-204 preparative photochemical reactor fitted with four RUL-35008
lamps. At the end of the irradiation period the solution was clear and
a very pale yellow,

After irradiation, excess 2,5-dimethylfuran was removed by vacuum
transfer to yield an almost white viscous material. This was dissolved in
benzene and freeze dried to yield a white solid, Thin layer chromatography
on silica gel (developing with chloroform) showed at least four
components althoughlnone corresponded in Rf value to starting material.

An infrared spectrum included the following absorptioms:ca. 3500 cm-1

1(s), 1200-900 " (series of absorptions

1

(w), 1710 cm-l(w/m), 1665 cm~
with peaks of intensity at 1200, 1130, 1020, 990, 975 and 920 cm =~ (m

to s)).

(b) Preparaticn of Polymers from Aromatic Diketones and 2, 5-
Dimethylfuran

Two diketones, m-dibenzoylbenzene and 1,4-(4,4'-dibenzoyldiphenyl)
butane ,were used. Experimental procedure was as described for photopoly-
merizations with TMA as diene, the 2,5-dimethylfuran being injected through

the nitrogen streaming system.
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After irradiation at 350 nm, solutions were completely clear, and
polymer recovery and precipitation was as described for furan-diketone
polymers., Data on the photopolymerizations is given in Table 4.16,
together with elemental analyses. Infrared spectra of the polymers are
recorded in Appendix C and molecular weights and melting characteristics
are given in Table 4.9. Yields of crude polymers were quantitative for

photoaddition between diketone and diene.

4.35 Irradiation of Aromatic Diketones in Benzene

(a) m-Dibenzoylbenzene

A solution of m-dibenzoylbenzene (0.40 g., 0,00140 moles)_in
benzene (20 ml.) was placed in a Pyrex reaction vessel, streamed with
nitrogen for 1 hr., the tube quickly stoppered and the solution irradiated
for 63 hr. at 350 nm in a Rayonet Type RPR-204 preparative photochemical
reactor fitted with four RUL-3500R lamps.

After irradiation the solution was clear and pale yellow, Thin layer
chromatography of the solution on silica gel (developing with chloroform)
showed two components, a major one corresponding in R_ value to m=-

f
dibenzoylbenzene, and an extremely weak component of slightly lower Rf
value, Benzene solvent was removed from the reaction mixture to yield a
pale yellow solid, the infrared spectrum of which corresponded to that

of m-dibenzoylbenzene with an additional weak, though definite,

absorption at ca.3450 cm_1

(b) 4,4'-Dibenzoyldiphenylmethane

Two solutions containing 4,4'-dibenzoyldiphenylmethane (0.400g.,

0.00106 moles) in benzene (10 ml.) were prepared and irradiated, as in
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(a), for periods of 89 and 1130 hr. At the end of the irradiation periods,
there were slight precipitates in both tubes and solutions were pale
yellow. Thin layer chromatography of the solutions on silica gel
(developing with chloroform) showed a large amount of tailing of the
observed component, the head of which corresponded in Rf value to
g tarting material,

Benzene sélvent was removed by freeze drying to yield pale yellow
solids. Infrared spectra were virtually identical showing weak absorptions

1

at ca.3500 cm"1 and 1500 cm = in addition to those corresponding to

4,4'-~dibenzoyldiphenylmethane.

4.36 Preparation of Polybenzopinacols

(a) By Irradiation of Aromatic Diketones in 50:50 v/v Mixtures of

Benzene-Isopropanol

A solution of diketone in a 50:50 v/v mixture of benzene-
iéopropanol was placed in a cylindrical Pyrex reaction vessel and dry
nitrogen was bubbled through the solution for at least 30 minutes. The
reaction vessel was then quickly stoppered with a ground glass stopper and
the solution irradiated in a Rayonet Type RPR—204 preparative photochemical
reactor fitted with four RUL-3500% lamps. In most cases a white or
pale yellow solid precipitated out during the irradiation.

After irradiation the solution was transferred to a round-bottomed
flask and solvent removed by freeze drying to yield white or pale yellow
polymer. Freeze drying necessitated several refreezings of the polymer/
benzene-isopropanol mixture, Recoveries by weight of product, in several
cases, were slightly in excess of values calculated for quantitative
photoreductive coupling. Drying of samples of polymers for 3 days under

reduced pressure at 77°C made little difference to product weight.
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Data for the photopolymerizations is given in Table 4.17. Weights
of recovered material are given only where all precipitated material and
solution were freeze dried. Infrared spectra of crude polyme;s are
recorded in Appendix C, and molecular weights and melting characteristics
are given in Table 4.10,

Precipitations of polypinacol 1 and polypinacol 4 were attempted by
dissolution of polymer samples in a few ml, of dry DMSO and dropwise
addition of the solution to an excess of AR methanol. The resulting
precipitated material was filtered off and dried 'in vacuo'., Infrared
spectra of precipitated polymers showed a new very broad absorption at
3500-3300 cm-l, indicative of absorbed methanol. Heating of these
3

precipitated polymers for 3 days at 77°C under reduced pressure (ca.l0”

mm.Hg) failed to remove absorbed methanol.

(b) By Irradiation of Aromatic Diketones in Benzene-Isopropanol

Solvent Mixtures Containing Greater than 50% Benzene

The procedure was as described for polymerizations in 50:50 v/v
benzene-isopropanol. Polymers did not precipitate out during irradiation.
Data for photopolymerizations is given in Table 4.18. Infrared spectra
of polymers are recorded in Appendix C and molecular weights and melting

characteristics are given in Table 4.11. Polymers were not precipitated.

(¢) Irradiation of Polypinacol 1 in the Solid State

A thin layer of soluble polypinacol 1 was cast around the inside
of a 250 ml; round-bottomed flask by placing a éolution of polypinacol 1
(0.108 g.) in benzene (10 ml.) in the flask, and removing the benzene by
freeze drying. The resulting solid was irradiated under -a pressure of

ca. 10-3mm.Hg at 350 nm for 94 hr. in a Rayonet Type RPR-204 preparative
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photochemical reactor fitted with four RUL-35008 lamps. During
irradiation,the initially white solid turned yellow.

An infrared spectrum on the irradiated solid showed a medium
strength absorption at 1655 cm“1 in addition to peaks present in the
starting material.

Starting material and product (0.009 g. of each) were shaken
separately with benzene (ca. 0.5 ml.). The starting material dissolved in
the benzene but the irradiation product still remained largely undissolved

even after shaking for 2 days.

4.37 Experiments with Dichloromethane as Solvent

All irradiations were carried out with a Rayonet Type RPR-204

preparative photochemical reactor fitted with four RUL-35008 lamps.

(a) Irradiation of 1,2-(4,4'-Dibenzoyldiphenyl)ethane in a Furan-

Dichloromethane Mixture

The procedure was entirely analogous to that described for
preparation of furan-diketone 2:1 adducts. 1,2-(4,4'-Dibenzoyldiphenyl)
ethane (1,000 g., 0.00256 moles) was irradiated in a mixture of furan
(100 ml.) and dichloromethane (80 ml.) for 340 hr. After irradiation
the solution was yellow. Solvents were removed by vacuum transfer to yield
an orange-yellow solid (1.518 g., molecular weight 1010). An infrared
spectrum of the solid included a medium-strong absorption at ca.3400 cm'-1
and a weak-medium strength residual C=0 stretch at ca. 1660 cm-l. There

was relatively little absorption between 1000 and 900 cm_l.
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(b) Irradiation of an Equimolar Solution of 1,2-(4,4'-Dibenzoyldiphenyl)

ethane and Tetramethylallene in Dichloromethane

The procedure was as described for equivalent irradiations in
benzene solvent, A solution of 1,2-(4,4'-dibenzoyldiphenyl)ethane
(1.500 g., 0.00384 moles) and TMA (0.3694 g., 0.00384 moles) in
dichioromethane (60 ml.) was irradiated at 350 nm for 670 hr. After
irradiation, the solution was yellow, Removal of dichloromethane
solvent gave a yellow solid (2.00 g., molecular weight 1470). An infrared
spectrum of the solid showed a weak-medium strength absorption at ca,
3500 cm-l, a residual C=0 stretch at 1660 cm“l and no absorption between

1040 and 960 cm

(¢) Irradiation of m-Dibenzoylbenzene in Dichloromethane

A solution of m-dibenzoylbenzene (1.3 g., 0.00454 moles)
in dichloromethane (20 ml.) was placed in a Pyrex reaction vessel,
streamed with nitrogen for 45 min, the tube quickly stoppered and the
solution irradiated at 350 nm for 1 month. At the end of the irradiation
period the solution was an orange-yellow colour., Thin layer chromatography
of the solution on silica gel (developing with chloroform) indicated at least
two components, the major one corresponding in Rf value to m-

L

dibenzoylbenzene. Removal of dichloromethane solvent yielded an orange-
brown solid, An infrared spectrum of the solid showed, in addition to
absorptions corresponding to m-dibenzoylbenzene, a weak,broad absorption

- -1
centred at 3450 cm 1 and a strong absorption at 1100 cm .



CHAPTER 5
SOME PRELIMINARY STUDIES ON PHOTOPOLYMERIZATION

UTILIZING PHOTOENOLIZATION REACTIONS
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5.1 General Introduction

In this chapter some further, though preliminary,investigations on
-possible step-growth photopolymerizations involving diketones are
-described. The proposed polymer growth reactions have the common feature
of requiring a photochemically induced inter- or intra-molecular
enolization of diketone.

In part>A, ﬁhe photochemical oxidative-reductive dimerization of
acetophenones is considered as a model reaction. Part B is devoted to
a discussion of the photoenolization of 2-alkylbenzophenones and subsequent
addition of the photoenols to dienophiles as possible model reactions

extendable to photopolymerization.



A.

INTERMOLECULAR PHOTOENOLIZATION

INTRODUCTION
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5.2 The Photochemical Oxidative-Reductive Dimerization of Acetophenones

(a) Scope of the Reaction

Irradiation of acetophenone containing a catalytic quantity of
phenol and using ultraviolet light filtered through Pyrex results in

oxidative-reductive dimerization of acetophenone according to equation

(5.1).288
i
hy
4<(2-C'CH3 phe:ol @‘ﬁ'mz"mz'”@
- O (q1) ©
(5.1)

@ @
+ cn3-<|: C-CH,

OH (')H

(92)

Products have been isolated in greater than 85% yield and no side-
products detected by’vapdur phase chromatography. Reaction also proceeds
in acetone solution but irradiation without solvent is reported to be
preparatively advantageous.

4-Methylacetophenone and 3,4-dimethylacetophenone undergo a

corresponding reaction in the presence of phenol.286

(b) Mechanism
A mechanism for the reaction has been proposed, involving a

phenol-catalyzed photoenolization of acetophenone according to the scheme

(5.2).
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: *
PhCOCH,, —hv PhCOCH,  (singlet)
n -7

* intersystem *
——Lﬁ
PhOOCH3 (singlet) crossing PhCOCH3 (triplet)

: H C H C
PhCOCH * (triplet) + PhOH = -\\C’/’°\\‘O- - \\C:f€5\\\0
_ 3 o “/l f ) |
H {;:*H H H

0

(@)
¢ @

- Ph‘-CﬂCH2 + PhOH
OH

(93)

Oxidation of acetophenone enol (93) by acetophenone triplet
produces a semipinacoi radical (94) and an enoxy radical (95), both of
which dimerize to give the products (92) and (91), according to the

scheme (5.3).
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CH3
*
PhCOCH3 (triplet) + Ph-C=CH2 -+ Ph=Cs + Ph-([:=CH2 ] Ph-ﬁ-CHZ-
|
OH OH 0. ‘ 0

(94) . (95) (5.3)
dimerization dimerization

(92) (91)

The presence of phenol, at a concentration of ca.l% and preferably
adsorbed on silica gel, is essential. In the absence of phenol,
acetophenone only yielded traces of the products (91) and (92). The
advantageous effect of having the phenol adsorbed on silica gel is thought
to result from restriction of the mobility of phenoxy radicals, thus
inhibiting dissociation of thé intermediate r#dical pair and suppressing

.the possible side-reaction of irreversiyle phenol oxidation. Other phenols,
such as 2,6-di-t-butylphenol and 2,6-diphenylphenol can also act as
catalysts, though with less efficiency than phenol itself.

A simple ground-state enolization of acetopﬁenone due to the acidity
of phenol was rejected on the grounds that addition of a trace of HCl
did not show any effect on the photochemical reaction of acetophenone
ia the absence of phenol, and an attempt to exchange the hydrogen atoms
of the acetophenone acetyl group for deuterium by shaking acetophenone with
D20 in the_preéence of phenol was unsuccessful.

Unlike reaction between triplet-state benzophenone and 2,6-
disubstituted phenols, where radical coupling between phenoxy radical and

ketyl radical has been éroposed,287 a redox reaction occurs with aceto-

phenone to the exclusion of radical coupling.
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The proposed mechanism involves the participation of phenol in the
formation of an intermolecular six-membered transition state with triplet-
state acetophenone. 2,4-Dimethylacetophenone, in the absence of phenol,

undergoes photochemical reaction giving (96a), (97a) and polymeric

material (eq.5_.4).286
T“s CH
CH3 =0 C=0 R' R
h CH -CH i R“ Rll
! - 2 "2
L O)-fron; = .+ IO O
R 0 R" R" Oy y
R' (96) R' c
g -
OH OH
(5.4)
97)
a) R' = CH,, R" = H
" = "o
b) R H, R CH,

Similar reaction is reported for 2,5-dimethy1acet9phenone, 18% of (96b)
being isolated.from a large amount of nonvolatile reaction products.

The addition of phenol was without effect on the course of the photo~
reactions of o-methyl-substituted acetophenones. Intramolecular photo-
enolization, yielding photoenols accordgng to ghe equation (5.5) appeared

to be favoured over intermolecular hydrogen abstraction from phenol.

R R
hy
H —) (5.5)
c” 1 CH
;{\H 2
_C c
=\ et
cH; o cH \ OH
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Spectroscopic evidence has been presented for reversible photoenolization
of o-methyl-substituted acetophenones.288 Oxidation of the photoenol

would then lead to the products.

(c) Extension of the Reaction to Photopolymerization

Irradiation of bisacetophenones of the type (98), with phenol

i I
cu3-c-@-x-@-c-cu3 X = (CH,)_

(98)

catalyst, might reasonably be expected to yield polymers containing

structural units as depicted in (99) and corresponding to (91) and (92)

0

—X -I(!-cu -CH -i:! ' X
' s @ " cx-l ‘@ %

(99)

obtained from acetophenone,. The‘reported high yields with the acetophenones,
and the lack of side-reactions, should favour photopolymerization.

Polymeric material already obtained from o-methyl-substituted
acetophenones has been attributed to successive coupling reactions of the
primarily formed bifunctional, photoenolizable reaction products.

In the present work, 4,4'-diacetyldiphenyl and 4,4'-diacetyldiphenyl-

i

methane have been investigated.



DISCUSSION
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5.3 Preparation and Characterization of 4,4'-Diacetyldiphenyl and

4,4'-Diacetyldiphenylmethane

4,4'-Diacetyldiphenyl and 4,4'Ldiacetyldiphenylmethane were prepared
by Friedel-Crafts acetylation of diphenyl and diphenylmethane respectively,
and were characterized by combinations of melting points, elemental
analyses, infrared and ultraviolet spectroscopy, and mass spectrometry.
The ultraviolet absorption spectrum of 4,4'-diacetyldiphenyl was
analogous to that of 4,4'-dibenzoyldiphenyl (Chapter 3) in so far as the
n - n* absorption was submerged under the m - ﬂ* absorption (xmax 286 nm,
¢ 31,000 in cyclohexane). The n - n* absorption of 4,4'-diacetyldiphenyl-
methane was observed at xmax 320 nm, (¢ 170), and the m -+ n* absorption
at 253 nm in cyclohexane solvent. In 95% ethanol the n =< n* absorption
was partially submerged under the @ = n* absorption, the latter being at

A 258 nm (e 28,000).
max

5.4 Attempted Photopolymerizations of 4,4'-Diacetyldiphenyl and 4,4'-

Diacetyldiphenylmethane in the Presence of Phenol Catalyst

Solution phase irradiation at 300 nm of 4,4'-diacetyldiphenyl
and of 4,4'-diacetyldiphenylmethane, in the presence of phenol catalyst,
failed to produce any significant amount of product.

The failure of 4,4'-diacetyldiphenyl to react is not surprising,
the n - n* absorption of the diketone apparently being submerged under
the n -+ n* abgorption and the corresponding lack of reactivity being
analogous to that of 4,4'-dibenzoyldiphenyl discussed in.Chapters 1 and 4,
all reactions under consideration requiring a reactive n,n* triplet.

Dichloromethane was used as solveni, the limitations of which, for this
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kind of reaction, have already been pointed out (Chapter 4). &4,4'~
Diacetyldiphenyl was too insoluble in acetone to allow use of the latter
as solvent.

The failure of 4,4'-diacetyldiphenylmeﬁhane to react to any significant
extent must, in the first instance, be explained on practical grounds.
In the absence of a stream of nitrogen passihg through the reaction mixture
during irradiation,'as employed by Becker,286 phenol catalyst adsorbed
on silica gél tended to remain at the bottom of the reaction vessel,
thus reducing its efficiency. Direct dissolution of phenol in the acetone
solution of 4,4'-diacetyldiphenylmethane also failed to promote
significant reaction. However Becker has pointed out the desirability of
using phenol adsorbed on silica gel (see section 5.2) and yields with
pure phenol as catalyst are only ca. one third those when phenol adsorbed
on silica gel is used. The advantage of irradiation without a solvent
has also been noted, but is obviously impracticable with fairly high melting
solids. In-addition, although yields of products from the acetophenones are
high (> 85% with acetophenone itself), they are based on consumed starting
material and the m;jority of starting material (up to ca;90% with
acetophenone and phenol) remained unreacted after irradiation for 14
hours. Trace products from the attempted pﬁotopolymerization, detected
only by thin layer chromatography, ﬁay th&s be indicative of only very
slight reaction under the experimental conditions employed. Modification
of experimental technique allowing, for example, efficient use of phenol
adsorbed on silica gel may increase the yield, but the production of

high polymers appears unlikely.
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It is worth noting, also, that methylated acetophenones,such as 4-
methylacetophenone, exhibit a very low-lying n,n* triplet state in addition
to the low-lying n,n* triplet state.289 However 