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Abstract  

The work contained in this thesis is concerned with the generation of 

reactive hydroxy-o-quinone dimethides and their synthetic utility. The 

research follows after the thesis presented in 1970 by Dr. S.M.Mellows of 

Imperial College, and is related to her work in the field of synthesis of 

naturally occurring lignans via a process of photoenolisation of o-benzyl-

benzaldehydes, in which a hydroxy-o-quinone dimethide, the so-called 'photo-

enolf, is /Produced. 

The literature on photoenolisation and some related reactions is reviewed 

The synthesis of four natural products : dehydropodophyliotoxin, 

justicidin E, taiwanin C and taiwanin E is described. 

A novel analogy to the process of rhotoenolisation has been discovered, 

namely the thermal ring-opening reaction of benzocyclobutene alcohols, which 

leads, stereoselectively, to the same reactive intermediate. Some aspects 

of the mechanism of this process are discussed and its potential has been 

demonstrated. 

Some proposals are made concerning the photoenolisation reaction and the 

likely nature of the intermediates. 
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On the surface of a swift-flowing stream the reflections of things 

near or far are always indistinct; even if the water is clear and has 

no foam, reflections in the constant stream of ripples, the restless 

kaleidoscope of water, are still uncertain, vague, incomprehensible. 

Only when the water has flowed down river after river and reaches 

a broad,calm estuary or comes to rest in some backwater or a small, still 

lake-only then can we see in its mirror-like smoothness every leaf of a 

tree on the bank, every wisp of a cloud and the deep blue expanse of the sky. 

It is the same with our lives. If so far we have been unable to see 

clearly or to reflect the eternal linearments of truth, is it not because 

we too are still moving toward some end - because we are still alive? 

Alexander Solzhenitsyn 
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REVIEW 
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The following review seeks to summarise and appraise the literature to 

date (May 1973), concorning the process of photoenolisation, and some closel 

related phenomena, and also the possible thermal consequences of such 

reactions. 

Photoenolisation, in the context we shall consider, is the molecular 

rearrangement induced on irradiation, with ultra-violet or visible light, 

of certain "lie-unsaturated ketones and aldehydes and, in particular, of 

aromatic carbonyl compounds which bear an appropriate alkyl substituent at 

the ortho-position. 

For example, 2-benzyl bonzophenone (1), on irradiation with a broad 

spectrum mercury arc ultra-violet light source, gives rise to a species, 

defined as (la), via an intramolecular 1,5-hydrogen shift, with consequent 

disruption of the aromatic nucleus'. This species, the so-called 'photo-enol' 

is relatively short-lived in most cases and, in the absence of other courses 

of reaction, will revert to the starting ketone thermally, in the dark. 

(1) 
	

(la) 

In certain respects, the photoenolisation process falls into a general 

class of reactions known as 'reversible photochromic processes'
2. This 

nomenclature refers to the generation of a coloured species, or at the 

very least, generation of a species which exhibits a longer wavelength 

absorption in its electronic spectrum, under the influence of ultra-violet 

or visible radiation; followed usually by reversal to the colourless startin 

material in the dark. Very many compounds have been studied from the view-

point of this basic photochemical property, in that, of itself, it has 

numerous possible applications. For example, the spiro-pyrans, compounds 
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of type (2), undergo photochemical isomerisation to merocyanines (3), 

which are highly coloured, and revert to the colourless species (2) in 

the absence of light. Such compounds have been incorporated into sunspect-

acles, together with other suitable filters, to act as self-darkening 

lenses under the influence of bright sunlight3. 

(2) 
	

(3) 

Some suitably modified triarylmethane dyes4 have military significance, 

in that they have been used as potential screens to the intense light 

emission from atomic explosions, as they react very rapidly indeed to 

photochemical excitation and form an effective glare filter in the coloured 

species. 

Other uses for photochromic compounds have been in digital and written 

display systems in the field of electronics, and in computer storage 

facilities5. Some sun-barrier creams have incorporated photochromic filters 

which effectively absorb harmful ultra-violet radiation in a reversible , 

excitation/relaxation process
6
. 

Many groups of workers are still active in the field of photochromism, 

in areas of both organic and inorganic chemistry. The techniques of flash 

photolysis and of irradiation in rigid polymer matrices have often led 

to the discovery of materials which exhibit long-lived triplet-triplet 

absorptions of high intensity at longer wavelengths7. Apart from the prev-

iously mentioned military applications, this property may also be utilised 

as an electronic switching system of extremely fast reaction time. 

There are many problems associated with successful development of 

photochromic compounds, and the most important of these is one of fatigue 

caused by degradation of the material after repeated cycles of excitation/ 
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relaxation, or continued exposure to irradiation. Brown's book2 provides 

an excellent review of the materials, techniques, applications and limit-

ations of an enormous number of photochromic processes. 

Probably the earliest example of photoenolisation reported, was an obser-

vation of the photochromic properties of (4), of which the author wrote : 

'Diacetyl dimethyl pyrone (4) possesses the remarkable property of assuming 

a brilliant lemon-yellow colour when exposed either to sunlight or to the 

light of the electric arc between iron poles. The colourless variety is at 

once regenerated when the yellow substance is melted or dissolved in any 

solvent'
8
. If the currently accepted process takes place here, the coloured 

species is probably (4a) or even (4b), derived from the photochemical enol-

isation of one or both of the acetyl groups. 

(4) 
	

(4a) 
	

(4b) 

It should be noticed at this point that there are two possible geometric 

isomers for any photo-enol, viz. the (Z)-configuration of the hydroxyl 

function (cf. la), or as indicated here, the (E)-configuration (4a), which 

is likely to be stabilised by intramolecular hydrogen bonding to the pyrone 

carbonyl group. The occurrence of two isomeric photo-dienols will be dis-

cussed in more detail shortly. 

Photoenolisation was 'rediscovered' by Yang in 1961, in the observation 

that 2-benzyl benzophenone did not undergo facile photoreduction9  with 

formation of the derived pinacol, on irradiation in 2-propanol; a process 

which is characteristic of benzophenone and many of its derivatives, and 

which normally proceeds in high quantum yield. Instead, 2-benzyl benzo-

phenones  when irradiated in deuteriomethanol solutions  incorporated a 
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deuterium atom into the benzylic position, but remained itself chemically 

unchanged1. This behaviour was attributed to an intramolecular hydrogen 

abstraction process via a six-membered cyclic transition state which must 

proceed in preference to hydrogen abstraction from the solvent (photo-

reduction), and leads to a dienol intermediate (1a) which is sufficiently 

long-lived to exchange deuterium with the solvent such that reketonisation 

leads to incorporation at the benzylic carbon. 2-Methyl benzophenone (5) 

behaved similarly and in this case the intermediate was detected by its 

ability to undergo Diels-Alder addition to dimethyl acetylene dicarboxylate, 

leading to the 1,4-dihydronaphthol (6). The quantum yield for this reaction 

was reported to be at least 0.5. 

02CH3 
0
2
CH
3 CH3  

( 5) (6) 

Interest in photoenolisation was further stimulated at a symposium on 

Reversible Photochemical Processes at Duke University, Durham, North 

Carolina in April 1962. A number of papers describing related reactions 

were presented; of particular note being -she photochemical isomerisations 

of ortho-nitro toluenes (7) and ortho-hydroxy benzophenones (8), which 

10,12 
were reported to lead to species of the types (7a) and (8a) respectively. 

P2 
--11 2S s---  

CH3  

(7) 	(7a) 

Porter and Beckett12  studied the quantum yields for photoreduction of 

some substituted benzophenones and discovered the anomalous behaviour of 

those possessing ortho- alkyl substituents; in particular, for 2-methyl 



benzophenone 
reduction 

= 5.5x10 2 and for 2-ethyl benzophenone 

reduction = 1.5)410
2 in 2-propanol solution, compared with the value of 

reduction . 2.0, for parent benzophenone itself in the same solvent. In 
T  

contrast, 4-methyl benzophenone exhibitedreduction = 0.50, and 2-
t
butyl i  

benzophenone11,eduction = 0.50. These experiments showed that the effect 

was neither due to the electronic effects of alkyl substituents nor to 

any adverse steric interaction, but was more likely to be the result of 

a competitive intramolecular rearrangement occurring to yield a photo-enol. 

The yellow colour of the enol was detected on flash photolysis and, whereas 

benzophenone and 2-
tbutyl benzophenone exhibited a strong e.s.r. signal 

on flash photolysis in hydrogen donor solvents due to the formation of 

ketyl radicals (9), the e.s.r. signals from 2-methyl and 2-ethyl benzo-

phenone were very weak indeed, and it is noteworthy that in these cases 

the e.s.r. signal did not appear to be associated with the colour due to 

the photo-enols. 

R = H, 
tC
4
H
9. 

(9) 

A more extensive flash photolysis investigation was carried out by 

Porter in 1970,13 14  on both laser and conventional apparatus, which enabled 

him to define and suggest structures for all but one of the transient 

species involved in the photoenolisation of 2,4-dimethyl benzophenone (10). 

The excited state of the ketone involved in hydrogen abstraction here is 

thought to be the n-Tr triplet state, wherein electron density on the 

• 
carbonyl oxygen is decreased; this observation is in accord with the 

accepted mechanism involved in the photoreduction of benzophenones9. The 

support for this assignment is convincingly based on quenching and sens- 

itisation studies, and on solvent effects. Porter's scheme for the complete 
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photoenolisation process is shown in Scheme (I). 

Scheme (I)  

Initial excitation leads to the 	singlet state of the benzophenone 

which has a very short lifetime of less than lOns and undergoes inter-

system crossing with unit efficiency to the n--ir triplet state, which has 

a lifetime of 4Ons, from which is formed directly a transient of lifetime 

67ns, most probably a triplet state of the dienol. Here, however, there 

is some anomalous behaviour in that this transient (X) is curiously in-

sensitive to oxygen. According to Porter, this implies one of two poss-

ibilities : either a) this triplet state is 'twisted' or orthogonal, i.e. 

a so-called 1,4-biradical, and hence unreactive towards oxygen; or b) that 

in fact its triplet energy is insufficient to sensitise oxygen and hence 

it remains unquenched. No transient arising directly from the decay of (X) 

was observed, but two more transients, assigned to the ground state dienols 

(10a) and (10b), were detected. These had lifetimes of 4s and 250s res-

pectively in cyclohexane solution, and their absorptions were consistent 

with the assigned structures. These transients were sensitive to changes 

in pH, to the purity and polarity of solvents, and remarkably sensitive 

to the presence of oxygen. The latter result implies that the ground states 

of the dienols can react directly with molecular, triplet oxygen, as the 

oxygen was introduced after irradiation and in the absence of triplet 
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senoitizors, so preoluding the involvement of singlet oxygen. This faot 

finds some analogy in the reported reaotion of similar, unstable ortho

quinone-dimethane d0riva-tiives rrith oxygen15 • 

Both dienols (lOa) and (lOb) 'Here also shoml to be sensitive to added 

dimethyl acetylene dioarboxylate, and the reactivity of (lOa) lias about 

three times that of (lOb) and both appeared to be nearly 104- 5 times as 

reactive as 2-phenyl furan touards the same dienophile. This result is 

not necessarily justified in that Porter does not report a product analysis, 

and there soems no reason to suppose that the quenching of the transients 

1-Tith dimethyl acetylene dicarboxylate leads to Diels-Alder addition; it 

may be rather that the reversion to starting ketone is cataJ.ysed by the 

acetylenio ester in some 1'Tay, although the enhanoement of the rate of 

deoay seems very great if suoh a meohanism is in faot involved. 

2,4-Dimethyl benzophenone produces one other transient 1-Then irradiated 

rTi ih a. broad. speotrum flash, and this is attributed to a. photoohemioal 

reaction of the enol (lOb). The n.eu transient is defined as the dihydro-

enthrol (11), l1hioh persists indefinitely in degassed cyolohexane. On 

adeli tion of oy:ygen (11) disappears very rapidly indeed, to lead to the 

anthrone (12). 

(11) (12) 

lfuilst the rrork of Porter is extremely elegant , it does not seem to 

take into account the fact that the 1,4-biradical (X) oan ~~dorgo facile 

'back-tra.nsfer' of hyd.rogen ·~o the benzylic car1)on, and ihenoe reform 

starting material, so that the rate of deoay of (X) lIould appear to be 

very muoh faster than the rate of formation of the eno1s; and it also 

seems uJl1ikely that the amoun'b' 0:( the (Z)-dienol (lOa) formed. oan be very 

signifioant under normal photoly-cic condi tiono, as it is noto1'Torthy 
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that no Diels—Alder adducts derived from such a dienol have as yet been 

reported*, and in view of the lifetime and reactivity of (10a) which 

Porter estimates, this would appear to be somewhat strange if large amounts 

were present. Particularly relevant is the work of Herdel and Brodowski
16 

who prepared the photoadduct between 2—methyl benzophenone and maleic 

anhydride, which was unambiguously identified as (13). This was the only 

adduct formed in the reaction and arises through endo— addition of maleic 

anhydride to the (E)—dienol (14) and involves no participation of the 

(Z)—dienol (14a). 

Another significant point arises from Porter's work, namely that the 

biradical (X) need not necessarily be a precursor of either dienol„ 

although it does conveniently allow for free rotation of the appropriate 

bonds before collapse to the dienol isomers. There may still be an alter-

native mechanism for the origin of the dienol intermediates, not excluding 

a concerted 1,5—hydrogen shift, although the production of two anal 

isomers would be difficult to resolve on the basis of a single photon 

process in this event
17. 

Earlier, Huffman, Loy and Ullman
18 carried out an extensive study of 

photoenolisation in systems where the enol isomers might be stabilised, 

in the hope of utilising the process as one of photochromic significance. 

Compounds studied included 1—benzoyl naphthalene (15), 6—benzyl benz-

enthrone (16) and the benzoyl fluorene (17), of which (15) and (16) would 

disrupt only naphthalene systems on photoenolisation, rather than a benzene 

*See subsequent discussion 
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nucleus, and (17) would achieve considerable conjugative stability in 

its derived enol. 

OPh 11 Ph 
2 	

OPh *0 
(15) 
	

(16) 
	

(17) 

In the event, (15) and (17) did not apparently photoenolise, whilst (16) 

underwent deuterium exchange when irradiated in deuteriomethanol but 

exhibited no colour change at room temperature. An enol isomer (16a) was 

proposed for this compound. 

Also studied were the benzofurans (18) and (19), both of which under-

went photoenolisation as evidenced by deuterium incorporation experiments 

and by their production of coloured species when irradiated at temperatures 

-501 C. 

Most of the work was concentrated, however, in the study of chromones 

and quinolones of structure types (20) and (21). In these cases it was 

thought likely that if the enols formed could adopt the (E)-configuration, 

then they would achieve stability via intramolecular hydrogen bonding, as 

suggested for the pyrone (4). In the event, many of the compounds exhibited 

long-lived colours when irradiated at room temperature, and from infra- 
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red spectral evidence, an enolisedie-diketone system appeared to be present, 

indicating that indeed the onols of type (20a),(21a) had formed. 

The lifetimes of the enols were diminished by the addition of bases, en-

hanced by acids, and the species were stabilised by the addition of nickel 

salts. Deuterium exchange of the 1(- protons was also observed in many 

oases after irradiation in deuteriomethanol. It was shown that the quantum 

yield of photoenolisation was not intensity dependent and this fact was 

interpreted to prove that, after initial enolisation, no photochemical 

cis-trans isomerisation of the enolic double bonds occurred in producing,  

both (20a) and (21a). It was therefore concluded that there must be a 

state of the enol involved which could undergo bond rotation, and this was 

assumed to be the enol triplet. Evidence in support of this assumption was 

obtained from some flash photolysis studies
19
. Much of this work formed 

the substance of a Belgian patent application20 . 

Henderson and Ullman21 also showed that the photoenols (20a), typified 

by that derived from 2-benzyl-3-benzoylchromone (22), could undergo a 

secondary photocyclisation reaction to yield dihydrobenzoPlcanthenones of 

types (23a) and (23b), which were unstable to isolation, but were readily 

oxidised to the benzo4anthenones (24a),(24b);  the former being the major 

product (71%) and the latter the minor product (3.4%). A small amount of 

the furan (25) was also obtained. 
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(22) (22a) (23b) 

(24a) (24b) (25) 

The cyclisation reaction could be suppressed if only filtered ultra—violet 

light (.v(410nm) was employed to activate the starting ketone; an intense 

source of visible light was required to activate the dienol. 

In the absence of visible light but in the presence of oxygen, a cyclic 

peroxide (26) was obtained, together with its decompOsition product, 2,3— 

dibenzoylchromone (27). In alcoholic solvents in the absence of both 

visible light and oxygen, a reduction dime'', assigned structure (28), was 

obtained. Similar reactions were observed with 2—benzhydry1-3—benzoyl-

chromone (29). 

The photocyclisation could not be sensitized by benzophenone and was 

hence formulated as a singlet state reaction. It was also noted that there 
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was a photosensitized back reaction of the enols to starting materials. 

This reaction was described as proceeding via the triplet enol which under-

goes free rotation, and which in the (Z)-configuration reverts to ground 

state enols which regenerates the ketone by intramolecular proton transfer. 

In connection with the photoreduction reaction, the authors suggested 

that two, chemically distinct, reactive triplet states were produced, only 

one of which was capable of internal hydrogen abstraction, and, depending 

on the relative populations of each state, photoreduction might be more 

favourable in hydrogen donor solvents. The photoenolisation of the chromones 

was less efficient than that of ortho-alkyl benzophenones and this was 

possibly related to low population of the triplet state responsible for 

the intramolecular reaction. Such a low population could be accounted for 

if sterio interactions between the benzoyl phenyl ring and the chromone 

ring carbonyl group affected the ground state configuration of the benzoyl 

substituent. 

In a later communication22 Ullman reported the trapping'of the photo-

enol (22a) with tetracyanoethylene, which led to the unstable adduct (30) 

and the derived cyclic imidate (31). Elimination of hydrogen cyanide from 

(30) produced (32) which exhibited very interesting photochromic properties, 

due to the light catalysed cyclohexadiene-hexatriene rearrangement shown. 

The acetate (32a) was also photochromic, but was less reactive. 
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The structures of the highly coloured, open-chain trienes (33) are of 

interest. It seems that the isomer formed in all oases on photolysis is 

that which allows the hydroxyl function to hydrogen bond to the chromone 

ring carbonyl group (viz.33); it also appears that the acetates adopt only 

one configuration. The tricyanobutadiene group is non-planar because of 

steric interactions of the substituent 'R', except where 'R'= H, the prod-

uct from the reaction of 2-methyl-3-benzoylchromone with tetracyanoethylene 

followed by the steps indicated. In this case the triene alcohol and its 

sodium salt were stable, isolable compounds, and in fact could not be 

induced to revert to the cyclic diene system, either thermally or photo-

chemically, presumably because a planar arrangement within the tnicyano-

butadiene is unfavourable for such a reaction. 

Similar adducts were reported from the benzofuran derivatives (18,19), 

and these showed analogous photochromic properties. 

The cyclohexadione alcohols (32) could be prepared by base catalysed 

condensation of the appropriate ketones with tetracyanoethylene in the 

, presence of sodium hydriue23  . 

Returning now to the photoenolisation of alkyl benzophenones, Porter 

also studied 2,6-dimethyl benzophenone14. In this case he could not detect 

any transients analogous to the dienols (10a) and (10b). He concluded 

that the photochemistry of such compounds having a second ortho-  alkyl 

group was quite different, involving different excited states of the 

carbonyl function. In connection with this observation, the work of Heindel 

in 196524  with a variety of substituted benzophenones, revealed that 2q6-

dimethyl benzophenone did not yield a photoadduct with dimethyl acetylene 

dicarboxylate, and was apparently recovered quantitatively. Similarly, 

2-methyl acetophenone did not form an adduct under Heindel's conditions, 

nor did 2,5-dimethyl acetophenone. Nettermark reported, however
25 that 

photoenolisation of 2-methyl acetophenone does in fact take place, as 
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evidenced by a deuterium exchange experiment, and indeed, in our hands, 

this compound reacts with maleic anhydride on irradiation26  2,4-- and 2/5-  

dimethyl acetophenone have been shown to yield diaroyl ethanes (cf. 34) 

on photolysis, a reaction which was interpreted as proceeding via the 

corresponding photoenols27. Yates28 reports the formation of a peroxide 

adduct (35) on irradiation of 2-methyl acetophenone in the presence of 

oxygen. 

• (35) 

Since Hammond29 has also shown that some 2,4,6-trimethyl benzophenone 

derivatives yield photoenols, on the basis of some flash photolysis work, 

Heindel's early experiments are perhaps questionable. Of Heindel's compounds 

which proved successful in forming photoadducts, 4'-methoxy- and 4'-chloro-

2-methyl benzophenone reacted readily but the yields, although good, were 

based on low conversions in both cases. 

In a later paper30  Heindel showed that ortho-alkyl substituted benzo--  

phenones could in fact undergo photoreduction in competition with photo-

enolisation/Diels-Alder addition, where poor dienophiles were employed. 

These dienophiles included phenyl acetylene, diphenyl acetylene, ethyl 

cinnamate and, surprisingly, dimethyl maleate. In the absence of dieno-

philes, the quantum yield for photoreduction of 2,4-dimethyl benzophenone 

_reduction 

	

	— -reduction = 5.510-2 for 2-methyl 
2 in 2-propanol was 	3x10 (cf.  

benzophenone). 

Heindel studied the photooxidation of ortho-alkyl benzophenones31. For 

the case of 2-methyl benzophenone, the products (36,37,38) were visualised 

as forming from a 1,4—peroxide adduct (39) which decomposed on work—up. 

In ignorance of Porter's flash photolysis results, Heindel described the 
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formation of this peroxide in terms of a direct addition of ground state 

triplet oxygen to the intermediate hydroxy-114-biradical, rather than as 

a reaction of the photoenol itself. As indicated above, such peroxides 

have now been reported as stable and isolable in some cases; their formation 

has also been cited more recently as proof of the presence of a photoenol32 

but the possibility that Heindel's explanation may well still be the correct 

one questions the validity of such results. 

(36) 
0 

(38) (39) 

We have managed to isolate small amounts of the peroxide adduct from the 

irradiation of 2-methyl benzophenone in the presence of oxygen and have 

shown that it indeed has the structure (39)33•  At this stage, however, it 

is difficult to distinguish between the mechanisms proposed by Heindel and 

by Porter for such a reaction. 

Heindel has demonstrated the photocyclisation of the photoenol from 

2-methyl benzophenone by irradiation in the presence of oxygen, employing 

either a broad spectrum light source, or using a secondary, long-wavelength 

lamp in addition to ultra-violet excitation. Anthraquinone was obtained in 

good yield in this experiment34. Earlier, Ullman had isolated a low yield 

of enthrone on flushing a previously irradiated solution of 2-methyl benzo-

phenone35. This intramolecular photocyclisation requires the (E)-configur-

ation of the photoenol (lob). The multiplicity of the excited state 

involved in the photocyclisation here is not clear but it seems likely that 

it will be a singlet state in that it appears that an excited triplet of 

the enol can be formed without subsequent cyclisation, by analogy to the 

work in the chromono series. 
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Certain 2,6-dialkyl aryl ketones have been shown to exhibit somewhat 

anomalous behaviour. Matsuura
36 

has examined the photochemistry of 2,4,6- 

trimethylphenyl alkyl ketones. In the series (40, R=CH3,C2H5,
t
C4H9) 

irradiation produced isomeric benzocyclobutenols (41) where R.CH3,C2H5, 

1C3 
 H
7; • and in the case of R.

t
C
4
H
9 

the predominant process was one of 

c<-cleavage, leading to the benzaldehyde (42),  mesitoic acid and isobutylene. 

(41) 

The formation of the benzocyclobutenols was at first interpreted as the 

result of direct coupling of a 1,4-biradical intermediate (43), as collapse 

of the biradical to a ground state photoenol (44) was thought to be an 

unfavourable process here, on the grounds that steric compression would 

result from the effect of the second ortho-alkyl group. 

(43) 
	

(44) 

However, it was subsequently shown32 that the ketones (40, R.CH
3'
C
2
H
5' 

underwent deuterium incorporation into both of the ortho-methyl groups 

on irradiation in deuteriomethanol and examination of unreacted starting 

material, so that the authors invoked photoenol intermediates as the 

primary photoproducts, which could undergo thermal or photochemical cyclis-

ation to the observed cyclobutenols, the process being assisted by the 

relief of steric compression such a cyolisation would produce. It is inter-

esting to note that, in the case of 2,4,6-trimethyl isobutyroDhonone, 

i 
(40, R.O

3
H
7
) the isopropyl methine proton was completely exchanged for 
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deuterium in these experiments. Matsuura does not in fact suggest a complete 

explanation for this result but simply describes it as 'another type of 

photoenolisation reaction'. Such enolisations are known37  but usually 

proceed via an intermolecular mechanism. If an intermolecular process is 

operative here, it is somewhat surprising that no photoreduction (i.e. re-

action with the solvent) is observed. 

Formation of photoenols from ketones (40, R=CH3,C2H5,1C3H7), but not 

from (40, R=t
C4H9)' 

which incidentally did not incorporate any deuterium 

in deuteriomethanol in addition to its inability to form a benzocyclobutonol, 

was interpreted in terms of the stereoelectronic requirement of the half— 

vacant n—orbital of the 	excited triplet state of the ketone38, which 

was assumed to be the species involved in the hydrogen abstraction process. 

As the steric hindrance of the carbonyl function increased through the 

series, the likelihood that the excited carbonyl oxygen could approach 

sufficiently close to the adjacent ortho—  hydrogen atoms decreased, and 

intramolecular hydrogen abstraction became less important. This theory was 

initially supported by the photolysis of 2,4,6—trimetnyl benzophenone (45) 

in 2—propanol, which led to the formation of 2,4,6—trimethyl benzhydrol (46) 

as the major product. indicating that hydrogen abstraction from the solvent 

occurred in preference to the internal reaction. 

(45) (47) 

A dimeric pinacol was not formed, presumably because of steric hindrance 

to such a process. No deuterium incorporation in recovered starting ketone 

was observed Then irradiation was carried out in CH3OD, although a yellow 

colouration, attributable to a photoenol and similar to those described by 

Hammond29, was detected. 
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In a later paper39, Matsuura reported, however, that other examples of 

2,4,6—trialkyl benzophenones indeed formed benzocyclobutenols on irradiation 

in 2—propanol, and that in fact the 2,4,6—trimethyl derivative (45) did 

so also when irradiated in benzene. Deuterium incorporation could still 

not be demonstrated for the latter compound, although low incorporations 

were observed into the 2,4,6—triethyl analogue (47), under similar condit-

ions. It was shown that cyclisation of the photoenols in many examples 

was faster than revertion to starting ketone via external protonation. 

2,4,6—Triethyl acetophenone (48) formed a single benzocyclobutenol, ident-

ified as either (49a) or (49b), on photolysis in 2—propanol. The stereo—

specific nature of the product formation in this case was cited as proof 

of the intermediacy of a photoenol rather than a biradical species, which 

would not be expected to undergo stereospecific cyclisation. 

(48) 

Two isomeric benzocyclobutenols (50a) and (50b) werelhowever, obtained 

from (47). The relative amounts of the isomers obtained was solvent dep-

endent; this was interpreted to be an indication of the effect of solvent 

on the distribution of the possible isomeric photoenols. 

(50a) 

It was assumed that the cyclisation of the photoenols was a thermal, 

and hence conrotatory, process. 

The ketones studied in this work exhibited large angles of twist between 
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the carbonyl function and the plane of the trialkyl-substituted ring; in 

the case of the benzophenones this angle was ca. 90', which would preclude 

intramolecular hydrogen abstraction if Turro's stereoelectronic require-

ment were to be satisfied. However, it seemed likely that the excited state 

*  
of the carbonyl group involved hero was more probably/1-7 singlet in 

character, so that such a requirement need not apply. Similarly, in 2,4,6- 

trialkyl acetophenones, the angle between the ground state carbonyl and 

the phenyl ring was ca. 80', hence imposing a similar constraint on the 

normal conditions for the observed hydrogen abstraction process. It would 

appear that the lowest-lying triplet state in these ketones has considerable 

character, so that again Turro's requirement is not violated, as the 

reaction does not involve the n-iT triplet. 

Cyclobutanols are well-established as photoproducts in alkyl systems, 

and, in particular, are formed as one of the products of the Norrish type II 

reaction, of which photoenolisation is but a special case. Cyclobutanols 

are formed by direct coupling of hydroxy-1,4-biradicals. This has been 

established from the observation4°  that photolysis of kept-l-ene-6-one (51) 

yielded both the vinyl cyclobutanol (52) and the cyclohexenol (53); the 

formation of (53) was explained through coupling of the tautomeric form. 

of the allylic biradical (51a) viz. (51b), after abstraction of a Y-hydro-

gen atom. 

(51) 

(51a) 

HO CH 

3  
(52) 	(53) 

OH 
o 

(51b) 

The Norrish type II process has been shown to take place via both triplet 

and singlet states in dialkyl ketones
41.  

In phenyl-alkyl ketones some recent very elegant work by Lewis and 

Wagner has elucidated the mechanism of the Norrish type II reaction. The 
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process involves intramolecular hydrogen abstraction by an excited carbonyl 

function from the Y-position of the alkyl group, followed by cleavage of 

the 0C/'bond„ which yields an olefin and a smaller ketone fragment, generated 

as its enol (Scheme II). By-products of the reaction the coupled species, 

as indicated above, the cyclobutanol isomers (54a154b). 

(54a) (54b) 

Scheme (II)  

The fragmentation has been demonstrated not to involve a concerted process42;  

and Lewis43  has unequivocally established the intermediacy of a l,4-biradi-

cal in the observation of exchange of deuterium upon irradiation of 

Y-hydroxy•'phenylbutyrophenone (55) deutorated at its and 'positions. 

Here the intermediate biradical (56) is formally symmetrical, and can pot-

entially revert to starting ketone in two possible ways, one of which would 

retain the abstracted deuterium atom bound to carbon, and one of which would 

lead to overall loss of deuterium, after washing out any deuterium bound 

to oxygen. 

(55) 
	

(56) 

It was shown that not deuterium loss had indeed occurred on isolation 

of unchanged ketone, proving that the symmetrical biradical (56) had formed 

and also that it is capable of reversal to starting material at a rate 

faster than the rate of product formation. Of particular significance is 
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the fact that, whilst the observed quantum yield for product formation was 

only 0.5, the quantum yield for deuterium exchange was as low as 0.04. This 

implies that in fact back-transfer of the deuterium atom occurred with a 

quantum efficiency of 0.46, before any bond rotation could occur allowing 

a hydrogen atom to be transferred. In this particular example, Lewis est-

imates that back-transfer of deuterium is as much as five times faster than 

bond rotation; however, the relative rates are probably influenced by 

intramolecular hydrogen bonding which may stabilise the biradical (56) in 

a particular conformation. Wagner has shown44 that quantum yields for 

product formation in type II processes approach unity in alcoholic solvents, 

or on addition of tbutanol to hydrocarbon solutions, a fact which he explain. 

in terms of stabilization of the hydroxy-1,4-biradical by hydrogen bonding 

to the solvent molecules such that hydrogen.reversion does not occur. In 

. 
the photolysis of (4S)- 	 x 	

(57)42
(+)-4-methyl-l-phenyl-l-he anone 	Wagner showed 

that, in benzene, the compound underwent photoracemization at a rate very 

much faster than the rate of its type II fragmentation reaction. On addition 

of tbutanol, however, the quantum yield for product formation increases, 

until in alcohol solution racemisation is completely suppressed. In addition, 

the small amounts of the cyclobutanols (58a,58b) which were produced when 

t 
the photolysis was carried out in tbutanol were shown to have retained some 

optical activity. This indicated that the rates of bond rotation and cyclis-

ation were competitive to some degree. 

(57) (58a) (58b)
,  

Wagner showed that it was possible to intercept hydroxy-1,4-biradicals 

with S-deuteriothiols, leading in the case of .d:-.methoxybutyrophenone (59) 

to the '.--deuterio derivative (60) in the presence of butanethiol-S-d. It 
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was demonstrated45 that deuterium incorporation here was not due to the 

possible alternative mechanism involving exchange of the 0-H proton of 

the biradical with the thiol, followed by reversion to starting material 

by back-transfer of deuterium, by irradiation of U-d2-nonanophenone in 

benzene containing sufficient tbutanol to inhibit only one half of its 

hydrogen reversal process. No deuterium loss was incurred even after pro-

longed irradiation under these conditions, showing that such hydroxy-1,4- 

biradicals do not exchange with external proton sources. 

It is interesting that it was not possible to intercept these biradicals 

with tributylstannane because stannanes rapidly reduce ketone triplets46Is 

before the intramolecular hydrogen abstraction occurs. 

From his trapping experiments, Wagner estimates the lifetime of the 

hydroxy-1,4-biradical here as approximately 10
-6 seconds in stabilising, 

hydrogen bonding solvents, and as 2x10-7 seconds in hydrocarbon solvents. 

It would seem, therefore, that any hydroxy-1,4-biradioal with a lifetime 

of this order cannot undergo deuterium exchange with solventslfollowed by 

regeneration of the starting ketone with deuterium incorporation, as the 

back-transfer of hydro en is either much too rapid (hydrocarbon solvents), 

or completely inhibited (hydrogen bonding solvents), when the biradical 

undergoes reaction. In this connection, it should be noted that Porter 

estimated that the lifetime of his 'biradical' in the flash photolysis of 

2,4-dimethyl benzophenone as 67ns (i.e. 6.7x108seconds), in cyclohexane. 

Wagner has also studied the deuterium isotope effect upon Y-hydrogen 

abstraction, and has determined a value of ka/kp  = 4.8 for UonaYOphenorie. 

This value apparently reflects only the increased triplet lifetime of the 
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deuterated ketone, the quantum yield for product formation remains the 

same. Yang47 has suggested that deuteration increases the rate of inter-

system crossing in certain ketones, such that negative deuterium isotope 

effects can be observed. In the alkyl phenonee studied by Wagner, however, 

intersystem crossing occurs with unit efficiency, so that no effect on the 

quantum yield would be expected. 

An interesting experiment related to these results has been carried out 

with 2-methyl valerophenone (61), and the competition between the Norrish 

type II reaction within the alkyl side-chain, and the alternative process 

of photoenolisation possible here, has been examined. Comparison of the 

quantum yields for the type II cleavage in valerophenone and in the ortho-

methyl substituted compound showed that the former was greater by a factor 

of 26 : 148. This indicated a 26-fold preference for reversible hydrogen 

abstraction from the ortho- aryl methyl group over the K-aliphatic methyl-

ene protons. As there is very little difference between the reactivity 

towards excited carbonyl groups of secondary aliphatic and primary benzylic 

protons, this result indicates a very significant contribution from the 

close proximity of the carbonyl function to the neighbouring methyl group, 

on the course of the reaction; hydrogen abstraction from the alkyl side-

chain must involve conformational reorganisation. In conjunction with this 

experiment, the hypochlorite (62) was prepared, which, on decomposition 

was shown to yield the chloroalcohols (63) and (64), which were converted 

to the cyclic ethers (65) and (66) before isolation. 

(65) (66) 
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The reaction involves a hydrogen abstraction by the alkoxy radical generated 

on decomposition of the hypochlorite. The ratio of the others (65):(66) 

was consistently determined as 30 (4.3):11  showing that the behaviour of the 

alkoxy radical parallels that of the n-ir triplet state of 2-methyl valero-

phenone in its interactions with neighbouring hydrogen atoms. 

Wagner has shown that it is possible to induce 1,7-hydrogen abstraction 

in certain alkyl phenones, by appropriate substitution at the a'-position 

thus activating the hydrogen atoms at the cr-position19  

1,7-Hydrogen abstraction has apparently been observed in the photolysis 

of some ortho-substituted aryl carbonyl compounds. For example, 2-benzyloxy-

benzaldehyde (67)50  and 2-benzyloxyphenylglyoxylates (68)51'52  yield 

dihydrobenzofurans (69), via coupling of a 1,5-biradical of type (70). The 

ratios of the isomers obtained was solvent dependent. 

A similar reaction has been reported for 2-benzyloxybenzophenones53. 

Some Japanese workers have invoked 1,7-hydrogen abstraction in the photo-

isomerisation of ortho-alkyl substituted benzils54. They suggest that (71) 

is formed by coupling of the biradical (72) derived from the benziI (73) 

by hydrogen abstraction by the more distant carbonyl group. 

(71) 
	

(72) 

11
3  

CH3  

(73) 
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Burkoth and Ullman55 and Hamer56'5758 have independently studied other 

examples of aromatic or-diketones having ortho-alkyl substituents. The 

principal photoproducts in all examples were hydroxyindanones analogous to 

(71). These authors, however, rule out the possibility of 1,7-hydrogen 

abstraction on the grounds that it is a process seldom observed in prefer- 

. ence to 1,6-abstraction unless the site of abstraction is suitably activated 

Instead, they prefer to suggest 1,6-hydrogen abstraction involving the 

nearer carbonyl group, as this process is more well-established. Such a 

mechanism, Ullman suggests, -would lead to the photoenols (74a,74b) as 

intermediates. 

(74a) (74b) 

On performing the reaction in deuteriomethanol, however, no incorporation 

was observed, either into recovered starting material, or into the 3-posit-

ion of the products. Ullman suggested that this result could be explained 

as follows :- any (Z)-dienol (74a) formed would revert to starting ketone 

so rapidly that deuterium exchange with the solvent would be excluded; 

and any (E)-dienol (74b) formed would lead directly to products via a 

facile intramolecular cyclisation reaction, at a rate faster than inter-

molecular deuterium exchange. 

Hamer, also, failed to observe significant incorporations of deuterium 

in his reactions, but he preferred to discount the possibility of photo-

enolisation completely. He explained his results in terms of a 1,6-hydrogen 

abstraction which led to a biradical species (75), and this, after approp-

riate spin inversion, cyclised directly to a benzocyclobutenol derivative 

(76), which, as it was not isolable from the reaction mixture, was produced 

in a vibrationally 'hots state, so that it underwent ring-opening to yield 
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the observed products. 

CH
3 

(75) 
	

(76) 

In his later work58 Hamer showed that the optically aotive pronane-l12- 

dione (77) underwent concurrent photocyclisation, to the indanones (78a178b), 

and photoracemisation. In addition, the products retained some optical 

activity, the process proceeding with overall inversion of configuration 

at the benzylic centre. Such an observation would seem to preclude the 

involvement of a planar, dienol intermediate, although, on the other hand, 

the photoracemisation would require some means of equilibration of the 

optical isomers. Homer suggests that the (2)-dienol (79), which would not 

undergo deuterium incorporation, might perhaps be involved in this reaction, 

but he prefers to invoke a chiral biradical intermediate, which can suffer 

divergent fates: 

0 
CH
3 	 nsi

H
3 

The biradical can cyolise to a benzooyolobutenol, analogous to (76), via 

a disrotatory process (excited state reaction) which leads to inversion of 

configuration, and then this cyclobutenol ring-opens with retention to 

produce the observed indanones. It is particularly significant that only 

one of the two possible modes of disrotatory cyclisation is invoked, namely 

that which leads to inversion of the stereochemistry. The second possible 

mode - in which the stereochemistry is retained — would involve rotation 

of the hydroxyl function through the plane of the excited butadiene system 
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(see scheme), a process which would appear to have a higher activation 

enercy. 

The second possible fate of such a biradical involves rotation of the 

benzylic group followed by back-transfer of the hydrogen from the hydroxyl 

function, which will lead to the production of racemic starting material. 

The rate of photoracemisation was determined as 2.7 times faster than the 

rate of cyclisation. 

These results again demonstrate that reactions of these hydroxy-1,4- 

biradicals must be very much faster than intermolecular processes such as 

proton exchange.(cf. Matsuura's suggestion for his photoenols39) . 

The ratio of the product isomers obtained in Hamer's reactions was 

apparently determined by the conformational distribution in the starting 

material, and that the hydrogen abstraction process takes place in two 

different modes, one for each conformer (A and B, Scheme III). The biradicals 

formed are different, and lead to two different benzocyclobutenols via 

only one mode of disrotatory cyclisation in each case. Both cyclised 

products have inverted stereochemistry at C2  and lead to the observed prod-

uct isomers (78a,78b) each with inverted stereochemistry at 03. Dr. Hamer 

has informed us of these results prior to their publication59. 

Hamer has suggested that vibrationally 'hot' benzocyclobutenols might be 

produced in other 'photoenolisation' reactions as primary photoproducts, 

and that, in favourable cases, these may ring-open to yield the observed 

(E)-dienols. This postulate has been completely supported by our own work
60 

on the thermal decomposition of benzocyclobutenols and their derivatives. 

Benzocyclobutenol itself (80) decomposed at 80'C to yield a species which, 

when intercepted with dienophiles, may be identified as the (E)-dienol (81) 

and, furthermore, no evidence was obtained for the formation of any of the 

(Z)-dienol (82). Heating benzocyclobutenol in the presence of maleic anhy-

dride yields a single Diels-Alder adduct (83), which is formed through 

endo-addition of the dienophile to (81) followed by a thermal lactonisation 
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process. This material was identical in every respect to the lactone ob-

tained on heating the product from the photolysis of 2-methyl benzaldehyde 

in the presence of maleic anhydride
61
. 

H 

(80) 
	

(81) 
	

(82) 
	

(83) 

Similar observations were made on the thermal decomposition of'some 

substituted benzocyclobutenol derivatives62. For example, 1-phenyl benzo-

cyclobuten-l-ol, 1-vinyl benzocyclobuten-l-ol and 3-methyl benzocyclobuten-

1-01 all yielded apparently (E)-dienols selectively on heating; the vinyl 

substituents enhanced the reactivity of the benzocyclobutenols whilst sat-

urated alkyl groups rendered them more stable. The ethylene acetal (84) 

proved stable to elevated temperatures in the presence of dienophiles, 

implying that formation of a species in which the oxygen substituent was 

necessarily- brought into the (Z)-configuration in the ring-opened diena, 

was in fact very unfavourable. These results are discussed more fully in 

following pages. 

(84) 
	

(84a) 

We had observed the formation of small amounts of benzocyclobutenol (80) 

upon irradiation of dilute solutions of 2-methyl benzaldehyde, under cond-

itions where the more predominant bimolecular reactions of benzaldehydes63  

were restricted. Heine" had detected benzocyclobutenol formation in the 

photolysis of 2,4,6-trimethyl benzaldehyde. In the presence of dienonhiles, 

however, as indicated above, 2-methyl benzaldehyde underwent,  photoenolisatim 

as a major reaction pathway, as shown by its ability to form a Diels-Alder 
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adduct with maleic anhydride
61

. This adduct was formed from the (E)—dienol 

(81). An earlier possible example of the photoenolisation of an aromatic 

aldehyde was reported for the mechanism of the photodecomposition of 

ortho—phthalaldehyde (85)65. The photoenol could be intercepted with maleic 

anhydride but the stereochemistry of the adduct obtained was not defined. 

The suggested route for the photodecomposition is set out below (Scheme 1V). 

HO 	If? 

Ho 

 

 

(85) 

1480 

Scheme (1V)  
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The synthetic utility of the photoenolisation reaction has recently 

been exploited, following the work of Nerdel and Brodowski
16
. We ourselves 

have carried out transformations on the adduct derived from the photoenol-

isation of 2-methyl benzaldehyde and maleic anhydride61, as a model syn-

thetic route to some members of the naturally occurring lignans. We have 

also employed the reaction of the aldehyde (86) with dimethyl acetylene 

dicarboxylate in the synthesis of the lignans Justicidin E, Taiwanin C and 

Taiwanin E66. 

Stevenson67'68 has shown that the reaction of 2-methyl benzophenone 

with a variety of dienophiles is useful in the production of model compounds 

related to the lignan series. All of his addition products are derived 

from reactions of the (E)-photoenol (87), and he has also demonstrated that 

further stereoselectivity can be introduced into the process; for example, 

the use of unsymmetrical dienophiles, such as 4-hydroxybut-2-enoic acid, 

lactone (88), leads to the formation of a single adduct (89), in which the 

carbonyl function of the lactone is attached to the carbon /- to the hy-

droxyl group (rather than JL), and also the carbonyl lies exclusively cis-

to the hydroxyl. This selectivity also holds in the adducts obtained with 

trans-crotonaldehyde and dimethyl fumarate. 

OH 

(87) 	(88) 	(89) 

Oppolzer69  has demonstrated an intramolecular trapping reaction of the 
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photoenol (90) derived from the aldehyde (91), which leads to the condensed 

heterocyclic system (92). 

Photoenolisation in alkyl systems is well-known. yLunsaturated ketones 

isomerise to their A'-isomers on irradiation, and such a reaction proceeds 

via a photodienol which is then reprotonated at the alternative site, viz. 

the 0(=position.70 An interesting observation has been made in the photo-

isomerisation of the ester(93)71. 'When irradiated in methanol the reaction 

leads to the isomer (94,R=H) as the single, expected product. However;  

conducting the experiment in deuteriomethanol in order to demonstrate the 

involvement of the dienol (95), two products were obtained, namely (94,R=D) 

and (96). As the rate of production of (94) was the same in both experiments 

the implication was that any of the dienol (97) formed in methanol-(OH) 

reverted exclusively to starting material; i.e. the site of protonation , 

was different in the deuterated and non-deuterated solvent. This strange 

observation may have serious implications in attempts to elucidate mechanisms 

by similar deuterium incorporation experiments. 

e'OEt 

(93) 

Y(d
YI)  

OEt 	HO OEt 

(94) 	(95), 

OEt 	HO OEt 

(96) 	(97) 
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Aryl esters have not as yet been shown to undergo photoenolisation. It 

is only recently that photoreduction of aryl esters has been demonstrated72, 
and this process is only apparently favourable when the ester has strongly 

electron—withdrawing substituents present, 	4—cyanobenzoates, tere- 

phthalates, etc.. However, it would seem likely that photoenolisation of 

even a suitably substituted ester may prove impossible, as it can be seen 

that any derived photoenol must adopt a structure (98), in which ono of 

the two oxygen functions is in a cisoid relationship to the diene. Such a 

problem is not necessarily encountered in aliphatic systems because of the 

possibility of free rotation about the V—fibond, leading to the trans-

dienol, Eg. (95a). 

OH H 

Et 

(98) 	 (95a) 

Sulphur and nitrogen analogues of the photoenolisation process have now 

been reported. 2—Benzylthiobenzophenone (99)73  is reported to fbrm the 

photo—enethiol (100) on irradiation at 589nm. The enethiol appears to be 

stable at —78,0. Incorporation of deuterium was observed into the benzylic 

position of recovered thioketono after photolysis in 01
4
/CH

3
OD. 

(99) 

(in) (102) 
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Similarly, N—acetyl-2—(methyl or benzyl)diphenylmethaneimines (101), 

exhibit photochromic properties at 77'K, attributable to the formation of 

the enamine isomers (102,R=H,Ph) via intramolecular hydrogen transfer74. 

Irradiation at room temperature produced no colour change, but in deuterio-

methanol, incorporation of deuterium into the benzylic position was 

demonstrated. 
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Introduction 

Following the work of Dr. Susan Mellows of this department
1 

the primary 

aim of the research undertaken for submission in this thesis was to carry 

out the synthesis of some natural products of the cyclolignanolide series, 

as typified by podophyllotoxin (103). 

CH 	OC H3  
OC H3  

Podophyllotoxin occurs naturally in the roots and rhizomes of the wild 

mandrake, Fodophyllum, and may be conveniently extracted as the alcohol 

soluble, water insoluble fraction, known as 'podophyllin resin', from which 

podophyllotoxin may be readily crystallized. The compound is of interest 

from the standpoint of its biological activity which, whilst limited by its 

toxicity, has been shown to include cathartic properties, some application 

as an anthelmintic and, more recently, some anti—tumour activity both 

in vivo and in vitro. In our laboratory, podophyllin resin has been shown 

to have a significant destructive effect on proliferating cells of TLX 5— 

mouse mammary lymphoma2 a representation of which is shown in figure (1). 

The novel chemical synthesis developed by Dr. Mellows involved the 

photochemically induced cycloaddition of an aryl aldehyde (104) to a suit-

able dienophile which, optimistically, might lead to the desired carbon 

skeleton related to podophyllotoxin (Scheme V). 
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The dienophile of choice would be 4—hydroxybut-2—enoic acid lactone (105) 

which although reported to be somewhat unreactive3, would lead directly to 

aryl tetralin carboxylic acid lactones of structures (106) or (107); the 

relative configurations of the asymmetric centres probably not being 

defined. 

(105) 	CH
3• 

OC 
CH
3 	CH

3
0 	H

3  
113 	OC H3  

(106) 
In the event, synthesis of the aldehyde (104) if=d more difficult than 

was anticipated, and a limited number of'experiments on photolysis of the 

material showed that cycloaddition products were only obtained in the 

presence of dimethyl acetylene dicarboxylate (108). The products of such 

cycloadditions were unstable 1,4—dihydronaphthols of structure (109) which 

resisted crystallization, and were preferably either dehydrated or oxidised 

in situ to yield the stable naphthalene (110) or naphthol (111). 

p20113  

CO2CH3 

(108) 
QH 

/0\ /4., )2C11.3 
\ 	

02CH3 

(00H
3
)
3  

(110) 

Attempts to produce aryl tetralin derivatives, by the use of olefinic 

dienophiles, proved unsuccessful. 

With this knowledge, it was decided exploit the potential of the synthetic 

route in the preparation of aryl naphthalenes related to (110) and (111), 
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many of which are now well-established as naturally occurring lignans them-

selves. These compounds have the general structures based on 4-pheny1-3- 

hydroxymethylnaphthalene-2-carboxylic acid lact'ones (112,R=H2OH) or on 

1-phenyl-3-hydroxymethylnaphthalene-2-carboxylic acid lactones (113,R=H2OH). 

(112) ("3) 

At least twelve members of this series of compounds are now well-character-

ised as natural products, known as : dehydropodophyllotoxin4, diphyllin5, 

justicidin A6, justicidin B6,7, justicidin C8, justicidin D8„ justicidin E91  

taiwanin C101  taiwanin E10,11, plicatinaphthol12, plicatinaphthalene13, and 

helioxanthin14. As representative members of the series, justicidin E (114), 

taiwanin C (115), and taiwanin E (116) were chosen as targets for synthesis. 

OH 

0 

(114) 	 (115) 	(116) 
The compounds (114) and (115) were in faot prepared in 1936 by Haworth and 

Kelly, using the routes shown in Scheme V1.
15 
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Much more recently, Stevenson
16 has synthesised (114) and (115) by a 

process of oxidative dimerisation of the propiolic acid (117) to yield 

the anhydride (118), followed by successive reduction to the dialcohol (119) 

and oxidation to the desired lactones. 

4},02H 

(117) 

(118) 	(119) 
By a similar route, Stevenson has also synthesised helioxanthin (120)17  

but, in this case, the unsymmetrical nature of the required anhydride 

demanded the use of a halogen blocking group to direct the dimerisation in 

the desired sense, so that the propiolic acid (121) was employed, leading, 

amongst other products, to (122) which could be separated out and trans-

formed into (120). 

(121) 
	

(122) 

The overall yield in the case of the unsymmetrical lignan was poor. 

Taiwanin E (116) had not been synthesised, and, moreover, the retention 

of a hydroxyl function at C
4 would be impossible in Stevenson's procedure. 
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The aldehyde (123) has accordingly been prepared, by a route similar to 

that previously described
1 
for (104), and irradiation in the presence of 

dimethyl acetylene dicarboxylate led to cycloadducts having the desired 

carbon skeleton. The adducts were transformed into the natural products in 

good yield. 

(123) 

Uhilst this work was in progress, it was considered worthwhile to deter-

mine the alternative fates of the aldehydes (104,123) on photolysis, in 

an attempt to eliminate undesirable side reactions, and, in particular, to 

try to discover why no photoaddition products of (104) with olefinic dieno-

philes could be isolated. The effect of substituents on the ability of 

compounds to undergo photoenolisation was not reported and it was thought 

likely that the phenomenon might show a strong dependence on the presence 

of alkoxy groups. Some fundamental studies have been carried out using 

model compounds on which to base correllations with the photochemical be-

haviour of the aldehydes (104,123), and from this work has developed an 

interest in the possibility of generating the reactive intermediates, the 

so-called photo-enols, by alternative means. 
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The Photoenolisation Reaction  

A study of the literature reviewed in the preceeding pages of this 

volume reveals that the nature of the process of 'photoenolisation' is 

more complicated than might at first be apparent. 

Porter's analysis of the mechanism in the case of 2,4-dimethylbenzo-

pnv1l,18  -;e ems to leave little doubt as to the fate of the various inter-

mediate species, but we have found that it is inadvisable to expect the 

same kind of behaviour from any particular aromatic carbonyl compound with 

which one happens to be dealing. As a typical example of this, Porter him-

self has studied 2,6-dimethylbenzophenone, which is, of course, very closely 

related to the 2,4-dimethyl derivative and would be expected to behave in 

an analogous manner, but Porter has shown that 'introduction of a second 

ortho-substituent into the benzophenone molecule causes a drastic change 

in the photochemistry'. Hammond
19 has nevertheless described 'photoenolisat-

ion' for some 2,4,6-trimethylbenzophenone derivatives, and Matsuura
20 has 

demonstrated that such compounds can undergo intramolecular hydrogen abs-

traction reactions. Photoenolisation of aromatic aldehydes had not been 

observed prior to our early observations'  and a report on the behaviour 

of 2-benzyloxybenzaldehyde (124) showing evidence for an intramolecular 

hydrogen abstraction process, leading to the benzofurans (125a1125b)
21, was 

not apparently pursued because of the instability of the starting material 

under the conditions of the photolysis, and the occurrence of numerous 

undesirable side reactions. 
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We soon discovered that 2-methylbenzaldehyde (126), a compound chosen as 

a readily available model for our proposed synthetic work, itself undergoes 

rapid photodecomposition when irradiated in the absence of dienophiles; 

routes other than that of intramolecular hydrogen abstraction being in-

volved. It would appear that intermolecular hydrogen abstraction from the 

formyl group, leading to the stabilised 2-methylbenzoyl radical (127), is 

the major course of reaction observed. Decomposition products isolated were 

all dimeric in nature, one of which was identified as 2,2'-dimethylbenzil 

(128), which arises through direct coupling of two benzoyl radicals (127). 

Benzaldehydo has recently been shown to undergo similar reactions22. 

2,2'-Dimethylbenil itself has been shown to photorearrange to the indanone 

(129)23, but none of this product was detected in our reaction mixture. 

(129) 

In view of the rapid photodecomposition of 2-methylbenzaldehyde, an 

attempt to demonstrate that reversible photoenolisation was in fact taking 

place, other than by trapping with a suitable dienophile, proved difficult. 

2-Methylbenzophenone24 and 2,416-trimethylacetophenone
25, etc., have been 

shoIm to incorporate deuterium into the ortho-aryl methyl group(s) on 

irradiation in deuterated solvents, notably in deuteriomethanol. A prel-

iminary experiment showed that 2-methylbenzaldehyde was particularly un-

stable in methanol, undergoing rapid photoreduction to yield pinacolic 

products. In consequence of this, attempts to demonstrate deuterium in- 
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corporation were carried out in benzene or acetone solutions, saturated 

with deuterium oxide. However, whilst unchanged 2-methylbenzaldehyde could 

be readily isolated from these solutions after limited periods of irradiat-

ion, no incorporation of deuterium could be detected by n.m.r. spectroscopy 

or by mass spectrometry. We did not look for deuterium enrichment of the 

decomposition products. Wettermark26 has also reported an unsuccessful 

attempt to observe deuterium incorporation into 2-methylbenzaldehyde under 

standard conditions because of its instability to irradiation. He pointed 

out, however, that photolysis of 2-methylbenzaldehyde at low temperatures 

resulted in the reversible formation of a yellow colouration, which faded 

rapidly after removing the light source, or on warming the solution. 

Wettermark suggested that the colour was due to the photo-enol whose life-

time was increased at low temperatures. We too have observed this yellow 

colouration upon irradiation of an acetone solution of 2-methylbenzaldehyde 

at -60'c, and have shown that it fades in the dark. However, analysis of 

the solution revealed that considerable decomposition had taken place, and 

amongst the products a new compound was detected, namely benzocyclobutenol 

(130). This material was also observed in solutions of the aldehyde irrad-

iated at room temperature, but only when the experiments were carried out 

on very dilute solutions (ca.0.03%). 

(130) 

It was about this time that work on the photoisomerisations of the aryl 

oa.diketones (131)27  and (132)28  was published. Neither author could observe 

deuterium incorporation into the benzylic position of the starting material, 

or into the 3-position of the products, on photolysis in deuteriomethanol. 

Ullman suggested that the reaction mechanism involved primarily a photo-

enolisation, to lead to the isomeric enols (131a,131b), but that the lack 
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of deuterium incorporation could be explained by assuming that : 

1) internal roketonisation of (131a) would be very much faster than exchange 

with the solvent, and -- 

2) intramolecular cyclisation of (131b) to the product (133) would be so 

facile as to proceed at a rate faster than reversion to the starting mat-

erial via a bimolecular proton transfer process. 

(/33) 
On the other hand, Hamer ruled out completely the formation of ground-state 

photo-enols in the isomerisation (132) -v-(134). 

H3 

(132) (134) 

He suggested instead that the primary photochemical intermediate, the 

hydroxy-1,4-biradical (132a), collapsed directly to a benzocyclobutenol 

derivative (132b), which underwent thermal ring--expansion to the observed 

product. 

0 

(132a) (132b) 

 

Furthemore, Hamer suggested that, in general, photoenolisations of ortho- 
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alkyl substituted aryl ketones might proceed via a benzocyclobutenol inter-

mediate which, if produced in a vibrationally 'hot' state could, in favour-

able cases, ring-open in a conrotatory manner to yield, perhaps preferent-

ially, the observed (E)-dienol. 

Formation of benzocyclobutenols from the photolysis of ortho-alkyl aryl 

ketones was not unprecedented; Matsuura, in particular, had observed 

excellent yields of 1-alkyl benzocyclobutenols on irradiation of 2,416-tri-

alkyl phenyl ketones25. Having observed concurrent deuterium enrichment of 

the starting ketones in CH30D, however, he concluded that the cyclobutenols 

were the result of ring-closure of the initially formed photo-enols, rather 

than the converse postulated by Hamer. Other examples of photochemically 

generated benzocyclobutenols were reported by Heine29  upon irradiation of 

2,4-dimethyl pivalophenone and 2,416-trimethylbenzaldehyde. 

We were intrigued by Hamer's suggestions, especially as we had failed to 

detect incorporation of deuterium into irradiated 2-methylbenzaldehyde, and, 

at first, we suspected that this might be the result of intramolecular 

hydrogen abstraction leading to benzocyclobutenol (130), which at ambient 

temperatures might ring-open to react with dienophiles, but which, at low 

temperatures, or in dilute solution, might be sufficiently deactivated to 

prove isolable. The failure of the deuterium incorporation experiments 

could be attributed to fates of the 'hot' benzocyclobutenol other than that 

of reversion to starting material which were perhaps predominant under the 

reaction conditions. 

Benzocyclobutenol (130) was, in fact, a known compound
30 described as 

a stable, white, crystalline solid, m.p. 58-59'0, whose only reported 

reaction was a strong susceptibility to basest  yielding 2-methylbenzaldehyde. 

We were able to confirm the presence of benzocyclobutenol in our photolysis 

mixtures by treating them with aqueous sodium hydroxide and noting the 

appearance of 2—methylbonzaldehyde at the expense of the alcohol, 
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He undertook to prepare benzocyclobutenyl and reviewed the available 

literature on the subject. Cava's method30  involved a lengthy procedure, 

beginning with octice-tetrabromo-o-xylene (135). Treatment of (135) with 

sodium iodide in ethanol produced 1,2-dibromobenzocyclobutene (136), as a 

mixture of the cis and trans-isomers, which on hydrogenolysis in the pres-

ence of a catalyst poisoned with 'aged sodium ethoxidel, yielded the 

hydrocarbon benzocyclobutene (137). Monobromination using N-bromosuccin-

imide produced 1-bromobenzocyclobutene (138) which could be treated with 

silver trifluoroacetate to yield the ester (139). Hydrolysis was readily 

effected but the overall yield of (130) was poor. 

(130) 
COCF3 

  

 

(139) 

  

(138) 

Masser man had, however, reported a more attractive preparation which. 

effective' involved only two steps
31. No experimental details were given 

in his orig nal communication and we found it difficult initially to re-

produce his o uoted yields. The procedure involves the thermal generation 

I 

of benzyne fro 

vinyl acetate, 

m benzenediazonium-2-carboxylate (140) in the presence of 

which leads to benzocyclobutenyl acetate (141) via a (non- 

concerted) cycle addition. The acetate was reported to hydrolyse in methanolic 

sodium carbonate. 

"2 

(140) 
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Benzenediazonium-2-carboxylato is potentially hazardous and the reaction 

was at first carried out on a small scale. It was necessary to chromato-

graph the reaction mixtures to isolate the benzocyclobutenyl acetate, large 

amounts of coloured by-products being obtained. However, after isolation, 

the acetate could indeed be hydrolysed as indicated, but difficulty was 

experienced in the coformation of 2-methylbenzaldehyde under the basic cond-

itions. A small amount of benzocyclobutenol was nevertheless isolated and 

crystallised. Its n.m.r. spectrum was found to be very characteristic and 

is reproduced in Figure II. The distinctive features of this spectrum 

enabled us to detect small quantities of benzocyclobutenol present in photo-

lysis mixtures without first the need to chromatograph them. 

When benzocyclobutenol was treated with maleic anhydride at room temp-

erature in benzene solution, it remained unchanged and no reaction was 

observed on warming to 35-40'C, temperatures frequently encountered during 

our photolysis experiments. However, on refluxing in benzene (80'C) for 

several days, the alcohol gradually disappeared, and a single, new product 

formed. Isolation of this material revealed that it was in fact a product 

of addition of benzocyclobutenol to the maleic anhydride, and was readily 

identified as the lactone (142), which had been prepared previously by 

thermal lactonisation of the hydroxy-anhydride (143), itself obtained by 

irradiation of 2-methylbenzaldehyde in the presence of maleic anhydride
1'32. 

The formation of (142) implies that benzocyclobutenol ring--ovens thermally 

to yield the (E)-dienol (144), which undergoes Diels-Alder addition with 

maleic anhydride in the endo- manner to form the cis-01,G2903  adduct (143) 

which isomerises under the reaction conditions. (142) was further character- 
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ised as its methyl ester. 

This result is completely in accord with Hamer's suggestion that photo-

enolisation processes may involve the intermediacy of a vibrationally :hot' 

benzocyclobutenol. In our hands, benzocyclobutenol (130) opened preferent-

ially to yield the (E)-dienol; no other adduct apart from (142) was obtained 

and only minute traces of 2-methylbenzaldehyde are produced, implying that 

little or no (Z)-dienol (145) is formed. The latter, if not intercepted by 

the dienophile, would be expected to collapse rapidly to 2-methylbenzaldehydE 

by an intramolecular 1,5-hydrogen shift. 

(144) (145) 

In the light of these results, it was desirable to prepare larger 

quantities of benzocyclobutenol and its derivatives so that further studies 

of their thermal behaviour could be undertaken. 

The potential of the benzyne addition reaction was hence explored-further. 

It was thought possible that in situ diazotization of anthranilic acid in 

the presence of vinyl acetate might provide a convenient method of increas-

ing the scale on which the reaction could be performed. This procedure had 

been utilised to good effect in the presence of efficient benzyne acceptors 

such as anthracene33. 

Under a variety of conditions in different solvent systems, however, 

only meagre yields of benzocyclobutenyl acetate could be realised, and 

large amounts of undesirable by-products were obtained, derived from the 

reactions of benzyne with either itself (az. biphenyl, biphenylene), or 
N with benzenediazonium-2-carboxylate (146,147)34, or with unreacted anthr-

anilic acid (148,149)35. Even when the effective concentration of benzyne 

present was minimised, by the concurrent addition of both the anthranilic 
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(147) 

(149) 

 

(148) 

(146) 
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acid and the amyl nitrite reagent to the refluxing solution of vinyl acetate, 

the yield of 'the desired product was not greatly improved. 

These results reflected the fact that vinyl acetate is but a poor acceptor 

for benzyne and also probably that it is none too stable under the conditions 

of nitrosation. 

We decided, therefore, to revert to the original procedure, whereby the 

intermediate benzenediazonium-2—carboxylate is isolated before the reaction 

with vinyl acetate. An alternative method of preparation of the diazonium 

salt to that used by Wasserman, was employed. This method, described by 

Logullo et al.9  in Organic Syntheses'
36, is simpler than the method of 

Stiles37 and also avoids the use of silver ion, which has been shown to 

interfere with the course of some of the reactions of benzyne38. The prep-

aration also has the advantage that it can be carried out on a relatively 

large scale, provided that the material, once isolated, is kept moist with 

solvent to minimise hazards in handling. 

We have found that, if the diazonium carboxylate is prepared by this 

method, and is added in small portions as a slurry in dichloromethane to 

a refluxing solution of excess vinyl acetate in the same solvent, good 

yields of benzocyclobutenyl acetate are obtained. The desired product may 

be isolated either by column chromatography or, much better, by direct 

steam distillation of the crude reaction mixture. The yield is consis.borrEly 

50% or more, based on anthranilic acid. It has also been found that, as 
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the hydrolysis of the acetate under basic conditions leads to variable 

amounts of 2-methylbenzaldehyde contamination, through decomposition of 

benzocyclobutenol because of its sensitivity to base, it is very much 

better to employ a mildly acidic reagent to effect the hydrolysis. Cava
30 

had described the hydrolysis of benzocyclobutenyl trifluoroacetate using 

an ester exchange reaction in methanol, in the presence of Amberlite 

IR-120 (H) ion-exchange resin. No have found that the same procedure leads 

to the quantitative hydrolysis of the acetate, and the product is not con-

taminated. Hence, from inexpensive starting materials, viz. anthranilic 

acid and vinyl acetate, benzocyclobutenol may be prepared without difficulty 

within one working day, in practically useful quantities and in ca. 50%yield 

* A similar procedure has been employed in the preparation of l-cyancbenzo-

cyclobutene, via the reaction of benzyne with excess acrylonitrile. 
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Benzocyclobutene Chemistry 

The thermal reaction between benzocyclobutenol and maleic anhydride is 

not novel in the chemistry of benzocyclobutene derivatives, which have 

long been known as precursors of reactive o-quinone dimethides. Benzocyclo-

butene itself (137) reacts over 10 hours at 200'C with maleic anhydride 

to yield the adduct (150)39, whilst it has been shown to be reasonably 

stable when heated alone for short periods40. Such a result implies the 

existence of the thermal equilibrium (137)72.' (137a). 

Similarly, 1,2-dihalobenzocyclobutenes (151) react slowly with dieno-

philes; the adducts formed (152) normally eliminate the elements of the 

hydrogen halide, leading to the naphthalene derivatives (153). 

(153) (151) (152) 

The 1,2-diphenylbenzocyclobutenes (154,155) are very much more reactive, 

and also show considerable selectivity in their ring-opening reactions. 

Trans-1,2-diphonylbenzocyclobutene (154) reacts at room temperature with 

dienophiles in carbon tetrachloride solution41. Jith N-alkyl maleimides42 

(154) forms two Diels-Alder adducts (156,157) which reflect the two possible 

modes of thermal, conrotatory ring-opening of the 4-membered ring. Adduct 

(156) is the major product (94q, and is formed by endo-addition of the 

dienophile to the trans-trans-diene  (154a). The minor product (157), (69), 

is likewise formed through endo-addition to the cis-cis-diene (154b). Hence 
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the preference for the formation of diene (154a) is demonstrated. Cis-

1,2-diphenylbenzocyclobuteno (155) forms only one adduct with N-alkyl 

maleimides (viz. 158), as both of the conrotatory modes of ring-opening 

possible here lead to the formation of a cis-trans-diene (155a). At 50'C, 

the rate of reaction of the trans-derivative (154) is 70 times faster than 

that of the cis-derivative (155) towards the same dienophile, again demon-

strating that there is some considerable energy barrier to the introduction 

of a phenyl group into the cisoid-configuration in the ring-opened dienes. 

These results probably reflect the steric interactions involved in the 

transition states for the electrocyclic processes. 

In alicyclic chemistry, it has been shown that the direction of ring-

opening of cyclobutenes is particularly sensitive to steric effects43. Trans-

-3,4-dideuterio-1,2-bis(trimethylsiloxy)cyclobutene (159) ring-opens smoothl:, 

at 180tC (t1.<90min) to yield a mixture of the isomeric butadienes (160,161). 
a 
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The ratio of (160) : (161) was determined as 47.7 : 52.3, indicating a 

preferential mode of conrotatory ring-opening in favour of the formation of 

(161). The transition state for such a process involves a deuterium-deuterium 

interaction (159a), rather than a hydrogen-hydrogen interaction (159b), and 

the predominance of the former is probably determined by the smaller effect-

ive size of carbon-bound deuterium compared with hydrogen. 

(159a) 	 (159b) 

Such an interaction was suggested to be important only when the transition 

state involved is nearly planar, and the extent of the C3,04-bond-cleavage 

is small. 

The high degree of selectivity shown in the ring-opening of benzocyclo-

butenol, leading to, apparently, only the (E)-dienol (162), and the relative 

ease with which the reaction occurred (at temperatures as low as 801C), 

warranted further investigations. In the light of the results described in 

the following pages, it seems difficult to explain the behaviour solely in 

terms of steric interactions. 

(162) 

Heating benzocyclobutenol with maleic anhydride in toluene solution at 

110'C proved to be a more convenient way of studying the reaction. Under 

these conditions, reaction appeared complete after only 5-6 hours, as 

determined by the complete disappearance of benzocyclobutenol (tic). A small 

amount of 2-methylbenzaldehyde was detected, but this arose only during the 
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last 30 minutes of the reaction period. This observation lends further 

support to the stereoselective nature of the ring-opening reaction in that, 

should (Z)-dienol be produced, 2-methylbenzaldehyde would be expected to 

be found present throughout the reaction, whereas its occurrence near the 

end of the period can be attributed to the fact that, at this stage, the 

effective concentration of maleic anhydride is so diminished that external 

protonation of the (E)-dienol, to form the aldehyde, becomes competitive 

with the Diels-Alder reaction. No 2-methylbenzaldehyde was produced if an 

excess of the dienophile was used. As the toluene solution was cooled, white 

crystals were deposited. Infra-red analysis of this material showed that 

it was a mixture of the hydroxy-anhydride (143) and the lactone (142), which 

provides good evidence in support of our earlier assumption that the reaction 

is a true Diels-Alder addition, leading to (143), which isomerises under 

the reaction conditions. 

(143) (142) 

In another run, reflux at 110'C was continued for 18 hours, whereupon (142) 

crystallized out on cooling in 84% yield, analytically pure, and as the 

only detectable addition product. 

Under similar conditions, benzocyclobutenol reacted with dimethyl acety-

lene dicarboxylate, leading to a mixture of 2,3-dicarboxymethy1-114-dihydro-

-1-naphthol (163) and its dehydration product, 2,3-dicarboxymethylnaphthalene 

(164), after 5-  hours. The mixture was treated with p-toluenesulphonic acid 

in toluene at 110'C to yield pure (164) as the sole product. 

R!Z0 CR 2 3 
_ 	U 

2
CH
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CH
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In an attempt to demonstrate the potential of the reaction, benzocyclo-

butenol was heated with 1,4-naphthoquinone. In toluene, at 1101C, whilst 

the alcohol rapidly disappeared, a complex mixture of products was obtained, 

due to the instability of the Diels-Jilder adduct. However, if the reaction 

was carried out in benzene44, after 89 hours at 80'C no benzocyclobutenol 

could be detected and, on cooling the solution, white crystals of the adduct 

(165) were deposited. No 2-methylbenzaldehyde was produced in this experi-

ment; close analysis of the mother liquors revealed only traces of both 

starting materials in addition to more of (165). The yield of the crystal-

line material was 750. The hydroxy-dione (165) was identified from analysis 

of its spectral data, and by its dehydration and then oxidation which led 

to the known naphthacene-5,12-dione (16645. 

0 
(165) (166) 

The adduct (165) analysed correctly for C101403; its infra-red spectrum 

showed principal bands at 3500cm 
-1 

 ,1690cm
-1 

 and 1595cm
-1 
 (nujol). The n.m.r. 

spectrum was recorded in deuteriochloroform at 50tC, utilising the C.A.T. 

facility because of the very limited solubility of the material. The spect-

rum showed the 0-H resonance at 52.66 as a doublet of J=6.5Hz, and the 

signal due to Ha  at 64.96 as a double doublet of J's=6.5 and 3.0Hz. Hb  and 

the remaining three aliphatic protons appeared as multiplets at 63.0-3.5. 

The coupling constant of J=3.0Hz between Ha  and Hb  is consistent with the 

all cis-configuration shown. The ultra-violet spectrum, recorded in ethanol, 

exhibited absorptions at max  223nm (636,000), 253nm (f.:9600), and 295nm 

(61700). Treatment of the ethanolic solution with a trace of dilute aqueous 

sodium hydroxide caused an immediate change in the ultra-violet :spectrum; 

the new curve was very much more intense than the first, and proved to be 
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identical to that reported for authentic naphthacene-5,12-dione46. The mass 

spectrum of (165) showed a weak molecular ion peak at M+= 278, and the base 

peak occurred at M-20, corresponding to the loss of water and hydrogen, in 

forming the quinone (166). 

The melting point of the hydroxy-dione (165), 285'C, is identical to 

that observed for naphthacone-5,12-dione, and indeed, its behaviour during 

the melting point determination is consistent with its thermal conversion 

to (166). The crystals are seen to reorganise and adopt a bright, yellow-

orange colour as the temperature is raised. 

The dihydronaphthacenedione (167), which is the product of dehydration 

of (165), has been shown by Fieser45 to be unstable in solution, undergoing 

disproportionation and tautomerism as shown 

This behaviour probably accounts for the mixture of products obtained in 

the experiment carried out at 1101 C. Solutions of (165) in acetone or 

chloroform gradually deposited long orange needles of (166). 

In view of the direct and stereospecific formation of (165), the reaction 

shows its potential for an entry into the tetracyclic series of antibiotics, 

typified by tetracycline (168). Suitable design of a benzocyclobutenol 

derivative and appropriate choice of a quinone dienophile might well lead 

to a useful synthetic route to these compounds. 
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(168) 

The 2-pheny1-5-oxonaphthofuran derivative (169), which is a useful 

protected form 5-hydroxy-1,4-naphthoquinone (170), (juglone), and which may 

be readily prepared via benzoylation of 1,5-dihydroxynaphthalene47, has 

also been shown to react with benzocyclobutenol. 

Ph 

(169) 
	

(170) 

On this occasion there was no objection to the use of toluene as solvent, 

and the addition was complete in ca. 5i hours at 110IC. Again no 2-methyl-
benzaldehyde was produced, however, in this case, two products were detected. 

These materials exhibited strong fluorescence under ultra-violet irradiation 

on tlo plates, and had similar Rf values. On separation by preparative 

thin layer chromatography (plc) on silica gel, both materials suffered 

slight decomposition, yielding a bright yellow compound which appeared to 

be the same decomposition product in both cases. The two fluorescent comp-

ounds were, however, readily obtained pure, and crystallized as slightly 

off-white solids. From their mass spectra they were isomeric, and both analy-

sed correctly for 
025111803, 

 consistent with the addition of one molecule of 

benzocyclobutenol to 2-phenyl--5-oxonaphthofuran. From thir n.m.r. spectra 

the materials were identified as products of Diels-Alder addition to the 

314-naphthalene double bond, rather than to the furan ring, but the n.m.r. 

spectra were not, in themselves, sufficient to determine which of the four 

possible isomers (171,172,173,174) were involved. The infra-red spectrum of 
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(172) 

(173) 

the less polar isomer showed carbonyl absorption at 1680cm-1  in chloroform 

solution, together with hydroxyl absorption as a fairly sharp band at 

3500cm-1. The second, more polar isomer exhibited a carbonyl band at 1690cm-

(chloroform) and hydroxyl abborption as a broad band between 3200-3600cm
-, 

 . 

These observations indicated that the hydroxyl group in the former was prob-

ably intramolecularly hydrogen bonded to the carbonyl function, and that in 

the latter, the hydroxyl group was more likely to be intermolecularly 

hydrogen bonded. This suggestion was also supported by the relative polar-

ities of the two materials. Clearly intramolecular hydrogen bonding is 

unlikely in structures (173) and (174), so that these may probably be dis-

counted in assigning the structure of the less polar product. 

The ultra-violet spectra of the two compounds, recorded in ethanol sol-

ution, proved very useful in the assignment of their structures. Both spectra 

were virtually superimposible, the only difference being detected in the 

wavelength maximum of the longest wavelength absorption; at 356nm in the 

least polar isomer, and at 352nm in the second. This difference probably 

also reflects the different degrees of hydrogen bonding in the two compounds. 

Addition of a trace of sodium hydroxide solution to the U.V. cuvettes caused 

immediate changes in the spectra. In their turn the new spectra changed 

gradually, over ca. 15 minutes, to equilibrate to a final curve of much 
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greater intensity than the first, and the solutions appeared yellow in 

colour. The final spectrum was the same in both cases. The conversion was 

not reversed by the addition of acid, nor did acid catalyse tho initial 

change in the spectra. Reference to some early work in the tetracycline 

area48 revealed that the compound (175) had been prepared, although the 

configuration at the hydroxyl-bearing carbon was not defined. 

Ph 

(175) 

The ultra-violet spectrum reported for this compound did not resemble that 

of either of our isomeric adducts, and, furthermore, (175) was stable on 

addition of base. It therefore seemed very likely that our two adducts were 

in fact epimers about C8, viz. (171) and (172), and that the structures 

(173) and (174) were not implicated. (171) and (172) would be the result of, 

respectively, endo- and exo-addition of 2-phenyl-5-oxonaphthofuran to the 

(E)-dienol derived from benzocyclobutenol, in the mode which is consistent 

with the direction of electron flow in the transition state, and hence are 

the most likely products (Scheme VII). 

Scheme (VII)  

r. 
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In further confirmation of the structures, the two adducts were oxidised 

with manganese dioxide in benzene, whereupon a mixture of two products was 

obtained in both cases. These products proved impossible to separate, being 

both of similar Rf value and only very sparingly soluble in most solvents. 

However, from their mass spectra, they were identified as compounds with 

molecular weights a) 362, and b) 346, which are consistent with a) direct 

oxidation followed by aromatisation (176), and b) dehydration followed by 

aromatisation (177). From tic comparisons, the products were the same for 

both adducts, and the fact that (176) was produced from both isomers proved 

that they must indeed be epimeric, and in the light of the evidence produced 

above, they are epimeric at C8. 

(176) (177) 

The susceptibility of both compounds to base is also consistent with the 

fact that the hydroxyl function is fl- to the quinonoid carbonyl group, rathe 

than 	to the double bond of the furan ring. 

A study of Dreiding molecular models of (171) and (172) showed that there 

appears to be only one stable conformation in which the hydroxyl function 

can be intramolecularly hydrogen bonded to the /?-carbonyl group, i.e. where 

the molecule has the all cis-configuration (171) and the hydroxyl function 

adopts the pseudo-equatorial position. The dihedral angle between HI.  and Hb  

in this conformer was observed to be ca. 30', which would give rise to a 

coupling constant in its n.m.r. spectrum of JAB= ca. 5Hz, as was indeed 

recorded for the least polar adduct, so that this compouzd can be assigned 

the structure (171). When retaining the same ring conformation in the model 

of the trans-isomer (172), the hydroxyl function adopts an axial position, 

and will not be intramolecularly hydrogen bonded; the dihedral angle between 

Ha and Hb here was approximately 70-80', which would give rise to a much 
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smaller coupling constant Jam, and in fact, Ha was recorded as a broadened 

singlet in the n.m.r. spectrum of the second, more polar adduct, which is 

hence assigned the structure (172). 

The product of decomposition of both (171) and (172) which arises on 

chromatographic separation, is in fact identical to that produced in the 

U.V. cuvette on treatment with base. The experiment was carried out on a 

larger scale, by addition of 2N sodium hydroxide solution to ethanolic 

solutions of (171) and (172), which led to the deposition of yellow crystals 

after 30 minutes at room temperature. This material was identical (tic) to 

that previously observed, and was shown to have molecular weight 346.0989, 

(calculated for C25111402  : 346.0994), and is obviously the result of de-

hydration of the adducts, leading to the aromatic system (178). This comp-

ound is known from early tetracycline synthetic work48 and our sample was 

identical in every respect with authentic material. 

It is interesting that air oxidation of the dihydroaromatic intermediate 

formed on base (or acid) catalysed dehydration of (171) or (172) is very 

facile under these conditions. 

The yields of the adducts (171) and (172) obtained from the original 

Diels-Alder reaction were,respectively, 33% and 45%. This is somewhat surp-

rising in that it would appear that exo-addition is preferred with this 

dienophile. This probably reflects interactions caused by the pendant phenyl 

group which may favour the exo-transition,state. Perhaps it should be noted 

that these products could potentially be obtained through Diels-Alder 

addition involving the (Z)—dienol (179), to which endo—addition would lead 

to (172) and exo-addition to (171). However, as no trapping of the (Z)-dienol 
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was observed with maleic anhydride, when only one adduct was formed in 

excellent yield, so that we do not suspect the occurrence of any (179), this 

alternative explanation is extremely unlikely. 

(179)  

Reactions of some derivatives of benzocyclobutenol 

Benzocyclobutenol was readily methylated with methyl iodide/silver oxide 

in chloroform or dichloromethane solution, to yield the methyl ether (180) 

quantitatively. 

3 

(180)  

The use of dimethylformamide as solvent for the methylation resulted in 

the formation of much 2-methylbenzaldehyde, through base-catalysed decomp-

osition of benzocyclobutenol due, presumably, to the enhanced basicity of 

silver oxide in this medium. 

The methyl ether (180) was not particularly stable; on storage in air 

at room temperature for only a few days, the material became yellow in 

colour and examination of a sample by tic showed the presence of a number 

of minor decomposition products. The infra-red spectrum of the stored sample 

exhibited weak carbonyl bands. The possible cause of this behaviour will 

be discussed later. 

Freshly prepared methyl ether, however, reacted very readily with dieno-

philes in refluxing toluene solution. With maleic anhydride, the adduct (181 

was obtained, after 6 hours at 110IC, in quantitative yield. The product 
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CE3  

(180b) 
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crystallized directly from the reaction mixture and ran as a single, home:- 

geneous band on thin layer chromatography on silica gel, and was therefore 

identified as a single isomer. Its spectra were also consistent with such 

an assignment. 

The n.m.r. spectrum, recorded in both deuteriochloroform and hexadeuterio-

benzene, showed resonances in accord with the proposed structure; in partic-

ular, the methoxyl protons appeared as a sharp singlet at S3.13 (CDC13) and 

S3.16 (06D6), and the signal due to Ha appeared as a doublet, in both sol-

vents, of Jam= 3.0Hz, from which observation the cis- configuration of Ha  

and Hb was determined, in conjunction with a study of molecular models. 

The structure determined for (181) implied that, again, ring-opening of 

the benzocyclobutene derivative (180) proceeded stereoselectively, to yield 

only the (E)-dienoid species (180a), which underwent endo-addition with 

maleic anhydride. Possibly the (Z)-dienoid species (180b) could be generated, 

but might be unreactive towards dienophiles and hence revert unchanged to 

the starting material, but we do not find this explanation convincing and, 

indeed, the possibility was eliminated in a subsequent experiment. 
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It was, however, possible, in the case of the methyl ether (180), to de-

monstrate that a thermal equilibrium existed between the benzocyclobutene 

and the dienoid species. Heating the ether (180) in toluene at 1101 C, in 

the absence of a dienophile, resulted in very little decomposition and the 

starting material could be readily recovered unchanged after 18 hours. It 

should be noted that heating the alcohol, benzocyclobutenol, in toluene 

at 110'C leads to the production of 2-methylbenzaldehyde, over a period of 

5-6 hours, presumably via external protonation of the (E)-dienol, and prob-

ably by a bimolecular reaction, which competes with reversion to starting 

material in this case. 

Benzocyclobutenyl acetate (182) also reacted with maleic anhydride, but 

the addition was very slow at 110'C. After 48 hours only ca. 10% conversion 

could be detected by analysis of an n.m.r. spectrum of the reaction mixture. 

(182) 

However, heating the two reactants together on an oil bath at 180'C led to 

rapid reaction and formation of a crystalline adduct in good yield. Again, 

the material appeared to be the single product of the reaction and was, again 

homogeneous to thin layer chromatography. The n.m.r. spectrum of the adduct 

was at first, however, somewhat puzzling. 

In deuteriochloroform, the n.m.r. spectrum showed resonances entirely 

consistent with the expected structure (183), with the notable exception of 

the signal due to Ha, which appeared as a distorted triplet, rather than as 

the sharp doublet expected/  (Figure III). The anomalous coupling was not 

caused by allylic coupling to the aromatic proton Hf' as irradiation of'the 

aromatic signals produced no change in the resonance of Ha. Conversely, 

irradiation in the region of the signal due to Hb, (S3.45-3.65), caused H a 

to collapse to a singlet. The implication of this result was that, in fact, 



-77- 

two, inseparable, isomeric adducts were present, epimers at Cl, and that the 

signals due to Ha  were,as expected, doublets in both compounds, but occurred 

slightly overlapping in the spectrum of the mixture. 

However, a second possibility was investigated : the anomalous n.m.r. spect- 

rum might be due to a 'virtual' coupling effect upon 	as as a result of the 

very 'tight' coupling of the chemically similar protons Hb  and Ho. Changing 

the solvent to hexadeuteriobenzene in fact permitted full interpretation of 

the n.m.r. spectrum. The induction of a solvent shift on the protons H
b 
and 

He eliminated their 'virtual' coupling to Ha
, which now appeared as a sharp 

doublet, as expected, at 55.90. The use of the Inter-Nuclear Double Resonance 

('INDOR') technique located the line positions of the protons Hb  and Ho  and 

thence the relevant coupling constants; jab=4.3Hz'  Jb0=9.0Hz. A comparison 

of the relevant portions of the n.m.r. spectra in deuteriochioroform and 

in hexadeuteriobenzene solutions is shown in Figure IV. In an attempt to. 

reproduce the deuteriochloroform spectrum (Figure III) by computer simulation 

the three spin system Ha, Hb, He  was utilised, and various values for the 

chemical shifts and coupling constants of these protons, derived from the 

analysis of the above results, were used in conjunction with a program 

developed by Mr. P.N.Jenkins of the chemistry department, Imperial College. 

The program provided the facility for plotting-out such simulated spectra, 

and it was readily shown by this technique that tho signal due to Ha  could 

not appear as a simple doublet, if certain limits were placed on the chemical 

shifts of Hb 
and H. The closest fit for the reproduction of the signals of 

Ha, Hb, and He  is shown in Figure V, noting that, as Ha  and He  have been 

ignored, Ho  will be considerably simplified. Figure V was obtained using 
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the following values s 

. 6.10; 	g . 3.55; 	. 3.53. 
a Hb 	He 

Jab = 4.5Hz; 	Jbc = 9.0Hz; 	Jac  0.0Hz. 

There may be some contribution from the spins of Hd and He which complicates 

the resonance of Ha still further, such that its signal is not so well re-

solved under experimental conditions, but a five spin simulation was not 

attempted. 

After these experiments, it was concluded that adduct (183) was a single 

compound, and study of molecular models showed that the dihedral angles in 

the all cis-configuration illustrated, between Ha  and Hb, and between Hb  and 

He 

 

were respectively, ca. 451  and ca. 0-10,, consistent with the coupling 
constants Jab = 4.3Hz, and Jbc 

. 9.0Hz. 

The stereochemistry of (183) showed that, again, the oxygen-bearing 

benzocyclobutene ring (182) had opened to yield preferentially the (E)-dienol 

acetate (182a). The lack of reactivity of benzocyclobutenyl acetate compared 

with the alcohol (130) and the methyl ether (180) reflects the electronic 

effects of the substituent, and indicates that electron donating groups 

aid the process of ring-opening. 

In order to test this theory further, the ethylene acetal (184) was prep-

ared. This material, bearing two alkoxy groups at Cl, was potentially very 

reactive. 

• 

Zi:CH3 

(182a) 	(184) 

Benzocyclobutenone (185) was reported available from the alcohol by 

chromium trioxide/pyridine oxidation49, but the work-up described was tedious 

and the yield obtained was very poor for such a simple reaction. In con-
sequence, oxidation with active manganese dioxide was attempted, and proved 



very successful, benzocyclobutenone was obtained in near quantitative yield. 

In view of the predicted reactivity of the ethylene acetal, the addition of 

ethylene glycol to the ketone was first carried out at room temperature, in 

the presence of boron trifluoride etherate, in dichloromethane solution50 , 

but, as this procedure did not lead to complete conversion of the starting 

mP:n.rial, the more conventional method of refluxing the ketone with ethylene-

glycol in benzene containing a trace of p-toluenesulphonic acid, under a 

Dean and Stark separator, was employed - having noted that Cava reported 

the diethylene acetal of benzocyclobutenedione stable to these conditions51. 

The acetal was in faot obtained quantitatively, free of ketone contamination, 

in this manner. 

Heating the acetal (184) with either maleic anhydride or dimethyl acety-

lene dicarboxylate at 11010 for prolonged periods did not lead to Diels-

Alder addition. Both starting materials could' be recovered unchanged. 

In xylene, at 1401C, decomposition of the acetal function was observed 

to some extent, but no Diels-Alder adducts could be detected. 

These results are particularly significant in that they imply that, whilst 

the diene (184a) appears to be a reasonable structure, the electrocyclic 

ring-opening process leading to it must be highly unfavourable, where one 

of the oxygen substituents must move into a cisoidal orientation in trans-

posing into a diene. 

(185) 
	

(184a) 

The ready availability of benzocyclobutenone (185) enabled us to prepare 

a number of 1-substituted benzocyclobuten-l-ols via Grignard addition. 

In particular, 1-phenylbenzocyclobuten-l-ol, which had been reported by 

Horner52, was prepared. Horner reported only a low yield of the carbinol 
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after work-up of the Grignard reaction with phenylmagnesium bromide on 

benzocyclobutenone, and we suspected that this might in fact be due to the 

instability of the product, a point perhaps not appreciated by the German 

author. Examination of our crude reaction product by tic indicated only 

minor contaminants, which were separated easily by preparative thin layer 

chromatography (plc). The product was obtained as a pale, greenish oil, 

which crystallized, with some difficulty, as a white solid in 681; yield. 

Heating 1-phenylbenzocyclobuten-l-ol (186) at 11010 with one equivalent 

of maleic anhydride led to the rapid formation of an adduct (187), of the 

type previously described in the reactions of benzocyclobutenol itself. 

( 1 8 6 ) (187) 

The lactone (187) was formerly prepared by heating the-initial photochemical 

adduct (188) of 2-methylbenzophenone and maleic anhydride53. 

(188) 

In our experiment then, the benzocyclobutenol derivative (186) again appears 

to ring-open selectively to the (E)-dienol (186a), despite the obvious 

steric interaction of the phenyl group now introduced. No evidence for the 

(Z)-dienol (186b) was obtained; no adduct derived from this species was 

formed and, whilst some 2-methylbenzophenone (189) was detected during the 

experiment, it could be eliminated by employing excess of the dienophile, 

so that, again, it most probably arose due to the occurrence of competitive 

external protonation of (186a). 



(189) 

OH 

(186b) (186a) 

-83- 

In view of the formation of the (E)-dienol (186a), it was thought likely 

that this might undergo an intramolecular cyclisation reaction, in the 

absence of dienophiles, leading to the dihydroanthrol (190), (Scheme VIII). 

 

•-•-••••-.4111. 

 

  

(186a) 
	

(190) 
Scheme (VIII)  

Heindel and his coworkers54 have shown that when 2-methylbenzophenone is 

irradiated in the presence of oxygen, anthraquinone is a major product, and 

that this may be attributed to a photochemical, intramolecular cyclisation, 

leading reversible to (190), but in the presence of oxygen (190) is oxidised 

irreversibly to 9-anthrone, which is further oxidised under their reaction 

conditions. Porterl8 has observed the dihydroanthrol (190) by flash photo-

lysis studies, and has confirmed that the cyclisation of (186a) is a 

photochemical process. Trans-1,2-diphenylbenzocyclobutene has been shown to 

yield small amounts of 9-phenyl-9,10-dihydroanthracene on heating55. 

Heating 1-phonylbenzocyclobuten-l-ol (186) alone at 110'C in toluene 

solution led to clean production of 2-methylbenzophenone via external proton-

ation of (186a) and no anthracene or dihydroanthracene derivatives were 

detected. 

The experiment was repeated, bubbling a stream of air through the solutior 

so that, if the formation of the dihydroanthrol (190) was also thermally 

reversible, air oxidation might trap the intermediate and anthrone would be 
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formed. The decomposition of the benzocyclobutenol was not so clean on this 

occasion, but the major product was again 2-methylbenzophenone, and no 

anthracene, 9-anthrone or 9-anthrol, etc., were detected amongst the minor 

by-products. 

No oyclisation was observed when the refluxing solution of (186) was 

simultaneously irradiated with a 300w long-wavelength tungsten bulb whilst 

also bubbling air through the solvent, conditions under which Heindel54 

observed photocyclisation of (186a). It must therfore be concluded that 

the stationary concentration of the dienol (186a) produced in the thermal 
must be very small 

decomposition of the alcohol (186k and that no significant cyclisation 

takes place before protonation occurs. 

Ire decided, therefore,to prepare the methyl ether (191). This material 

would not be susceptible to external protonation on heating, so that intra-

molecular cyclisation might indeed be possible. 

The ether (191) proved to be readily accessible as the alcohol (186) 

formed a stable carbonium ion in concentrated sulphuric acid at 0-51 C56, 

and simply quenching with excess methanol produced (191) in good yield. 

Prolonged heating of the methyl ether (191) in toluene at 110tC„ in a 

flask shielded from the light, produced small amounts of 9-methoxyanthracene, 

(192), identified by comparison with an authentic specimen57, although most 

of the starting material was recovered unchanged. 

CH 

(192) 
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Hence it can be seen that the cyolisation (Scheme VIII) does occur thermally, 

but that a fairly high activation energy is involved. Heating 1-methoxy1-1- 

phenylbenzocyclobutene (191) with maleic anhydride at 110'C led to the 

rapid formation of a Diels-Alder adduct, whose spectral properties were 

consistent with the structure (193), to the exclusion of any intramolecular 

reaction. 

(193) 

In view of the limited success in demonstrating intramolecular cyclisation 

with these compounds, 1-vinylbenzocyclobuten-l-ol (194) was prepared. This 

compound proved to be very unstable, and was difficult to isolate in the 

pure state. However, by rapid thin layer chromatographic separation, immed-

iately prior to use, a sample of reasonably good purity was obtained. 

(194) (194a) (195) 

Heating (194) at 110'C in toluene for only 30 minutes resulted in a quant-

itative yield of oc-tetralone (195). Here then the intramolecular cyclisation 

of the (E)-dienol (194a) must be very facile indeed. No 2-methylacrylophenon( 

(196), which would arise from intramolecular ketonisation of any (Z)-dienol 

(194b), could be detected in the reaction mixture; authentic 2-methylacrylo-

Dhenone was stable to the reaction conditions. 

H 

(194b) 	 (196) 
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Hence, once again, the stereoselectivity of the ring-opening of benzocyolo-

butene alcohols was strikingly demonstrated57  . 

During the preparation of 1-vinylbenzocyclobuten-l-ol (194) via the 

addition of vinylmagnesium bromide to benzocyclobutenone in dry tetrahydro-

furan, muchcc-tetralone was isolated if the reaction and work-up were 

carried out under standard conditions. Only if the reaction, and particularly 

the work-up, were performed at rather lower temperatures could useful quant-

ities of the vinyl carbinol be obtained, to the exclusion of cc-tetralone. 

The reason for this is not at all clear, particularly since, once isolated, 

the vinyl carbinol does not appear to decompose at room temperature to yield 

significant amounts of the ketone. It is possible that the magnesium complex 

(197) is very much more reactive than the alcohol itself and rearranges to 

the enolate complex of cc-tetralone (198) prior to work-up; or perhaps the 

presence of magnesium salts catalyses the thermal reaction of the alcohol in 

some way. 

(197) (198) 

In another experiment, 1-vinylbenzocyclobuton-l-ol was heated with one 

equivalent of maleic anhydride. Somewhat surprisingly, a Diels-Alder adduct, 

isolated as the lactone (199), formed, at a rate competitive with the rate 

of the intramolecular reaction. Tho product ratio was determined from the 

n.m.r. spectrum of the crude reaction mixture; 70% of the adduct was formed, 

together with 30% of t',--tetralone, after 30 minutes at 110IC. 

(199) 
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The instability of the vinyl carbinol (194) and, the high reactivity of 

the 1-phenyl derivatives (186,191) towards dienophiles show how such vinyl 

groups aid the process of ring-opening; the adverse steric interaction 

caused by the second substituent seems to be minimal. 

Conversely, 1-alkyl substituents apparently stabilise benzocyclobutenols. 

1-Methyl and 1-ethyl benzocyclobutenols were prepared. These compounds 

reacted only very slowly with maleic anhydride, over several days at 110tC, 

but, nevertheless formed adducts of the familiar structure (200,R=CH
3'
C
2
H
5
) 

which were readily isolated in good yield. 

(200) 

Significantly larger amounts of the ketones 2-methylacetophenone and 2-methy: 

propiophenone, respectively, were formed in these experiments. It seems 

unlikely that these arise from the formation of the (Z)-dienols (201,R=CH3, 

C
2
H
5
) on the basis of the above results, and it is perhaps more likely that 

external protonation of the (E)-dienols, or, possibly base-catalysed ring-

opening of the benzocyclobutenols at the walls of the reaction vessels, 

become very much more competitive with the Diels-Alder reaction in these 

cases. 

In addition, another source of the ketones might be as illustrated in 

Scheme IX. The existence of such a mechanism was demonstrated for the case 

of the methyl ethers (202) and (203), which, on heating, yielded the styrene 
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derivatives (204) and (205a,205b) respectively, via intramolecular proton 

transfer of the type indicated. 

Rt 

Scheme (IX)  

9ICH
3 

3 

(202) (203) 

CH 

H
3 	

CH
3 

(204) 	(205a) 

Such a reaction was previously reported in the attempted preparation of 

1,2-dimethylbenzocyclobutene, which led to the formation of 6% of ortho-

ethyl styrene39. In the case of the ether (202), this reaction did not com-

nete favourably with its Dicls-Alder reaction with maleic anhydride. At 130' 

addition occurred smoothly to the exclusion of styrene formation. The product 

from the Diels-Alder reaction was interesting. Whilst tic examination rev-

ealed only a single band, and the crystalline adduct analysed correctly for 

C
14
H
14
0
4' 

consistent with the expected product (206), the n.m.r. spectrum 

showed the presence of two methyl groups at similar chemical shifts, together 

with two, corresponding methoxy groups, indicating that two, isomeric adducts 

were present. The relative amounts of the two materials *ere estimated as 

4 : 1. No separation of the adducts could be achieved, but it seemed likely 

that here, for the first time, a contribution from the reaction of a (z)- 

dienol ether (207) had been detected, namely that the adduct (208) had formed 
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I 

CH
3  

(206) (207) 

 

(208) 

It is possible that, as the reaction was conducted at a somewhat higher 

temperature (130iC) than in most other examples, the activation energy for 

the process leading to the (Z)-dienol ether (207) was overcome and, whilst 

the (E)-diene was still predominant, its isomer could in fact be observed. 

In the light of this result, the production of 2-methylacetophenone in the 

reaction of 1-methylbenzocyclobuten-l-ol with maleic anhydride might best 

be explained ultimately in terms of intramolecular ketonisation of the 

(Z)-dienol (201,R=CH3). 

There are, however, two alternative explanations for the occurrence of 

a second, isomeric adduct from the reaction of 1-methoxy-l-methylbenzocyclo-

butene (202) with the dienophile. As it has been shown that (202) rearranges 

thermally to the styrene (204), it may be possible that the styrene itself 

reacts with maleic anhydride to form the anhydride (209). However, whilst 

this material is of course isomeric with (206), the spectral properties 

of the mixture of products obtained are not consistent with the presence of 

(209). 

More likely seems the possibility that adduct (208) is produced via the 

(E)-dienol ether (202a), through exo-addition of the dienophile; the ratio 

of endo-addition vs. exo-addition may be temperature dependent, or the 

transition state for exo-addition to (202a) may be more readily attained 

b 
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than in the other cases studied where only endo-addition of maleic anhydride 

has been observed. 

It is interesting to note at this point that 1-alkyl benzocyclobutenols, 

which are very much more stable thermally than their unsubstituted, or 

vinyl substituted counterparts, are the only benzocyclobutenols that can 

readily be isolated from photolyses of the corresponding phenyl ketones25,29. 

This observation greatly supports Hamer's theory of vibrationally 'hot' 

benzocyclobutenol intermediates which only 'in favourable cases' open to 

yield photo-enols. It follows from this argument that those benzocyclobut-

enols which require higher vibrational energy to ring-open might well be 

isolable species. 

In connection with the above results, another possibly significant 

observation is of interest : 

Matsuura25 detected a somewhat anomalous exchange of hydrogen by deuteriu,, 

in his irradiation of 2,416-trimethylisobutyrophenone (210) in deuteriometh-

anol. 

In addition to demonstrating that deuterium was incorporated into the 

ortho-aryl methyl groups, he observed that the isopropyl methine proton of 

the alkyl side-chain was completely deuterated during the experiment. He 

did not offer a complete explanation for this reaction, but pointed out that 

no such exchange occurred upon photolysis of isobutyrophenone itself under 

identical conditions. We would suggest that the reaction illustrated in 

Scheme IX applied to 214,6-trimethylisobutyronhenone would account for the 

observed exchange reaction, and would not, of course, be possible in iso-

butyrophenone itself. 
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During the course of our work, the synthetic utility of benzocyclobutene 

derivatives has been ably demonstrated by Oppolzer58 at the laboratories of 

Sandoz Ltd.. In his novel synthesis of (dl)—chelidonine (211), he utilised 

an intramolecular Diels—Alder reaction of the diene (212a), derived from 

the benzocyclobutene (212), with the isolated acetylenic bond, as shown : 

With this single step, Oppolzer achieved the required fused heterocyclic 

system, and simple manipulations led to the isolation of the alkaloid in 

good yield. Oppolzer appears also to observe reaction of the (E)—diene (212a) 

rather than its (Z)—isomer; this result may well parallel our own, and that 

the ring—opening of the benzocyclobutene is stereoselective, or, in his 

example, no reaction can occur from the (Z)—diene because of the strain 

energy involved in the transition state for such a process. 

Reactions of (Z)—diones derived from benzocyclobutenes have, in fact, 

been reported. 1—Acyl benzocyclobutenes (213) have been shown to rearrange 

% to the isochromenes (214)59. The yields obtained under normal, preparative 

conditions were poor, but on carrying out the reactions in dilute solutions, 

the yields increased to up to 95%, in a 0.1% solution in decane at 186'C. 

a 

(213) (214) 
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The disappointing results obtained under more concentrated conditions were 

attributed to intermolecular reactions of the (E)-dienes (213a), which, 

unlike the (Z)-dienes (213b) could not undergo the intramolecular cyclisatior 

to the desired products. 

(213a) (213b) 

Similarly, Oppolzer has observed the rearrangement of the oxime (215), which 

leads to the isolation of a low yield of 3-phenylisoquinoline (216) via 

the route indicated60. 

'01,e 

  

OMe 

(215) 
	

(216) 

Presumably intermolecular reactions of the (E)-diene (217) are also comp- 

etitive in this experiment. 

(217) 

Kametani61 has reported some interesting results in his syntheses of 

alkaloids by a similar route. He has prepared (+)-xylopinine (218) via 

intramolecular cyclisation of the (Z)-diene (219a) derive:a from the thermal 

decomposition of the benzocyclobutene (219), followed by hydrogenation of 

the initial product (220). The yield obtained in this reaction was very good 

indeed, however, no analogous product could be achieved from decomposition 

of the free base (221). The presence or absence of unshared electrons may 
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control the direction of the ring-opening of the benzocyclobutene, such 

that, in (221), the (E)-diene (222), which cannot undergo intramolecular 

cyclisation, is favoured. 

Kametani later suggests, however, that the lone-pair electrons of the 

methoxy substituents participate in the reaction under acidic conditions62. 

He invokes the spiro-intermediate (223,R=H), which may form from either the 

(E)- or (Z)-diene, or directly from acid-catalysed ring-expansion of the 

benzocyclobutene, and that this is then in equilibrium with the (Z)-diene 

(219a), and achieves rearomatisation via the observed cyclisation to (220). 

(223) 
	

(224) 
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In the case of (223,R=CH
3
)
' 

derived from the corresponding methyl substituted 

benzocyclobutene, the ochotensine type alkaloid (224) was isolated, presum-

ably because aromatisation of the intermediate can occur by simply loss of 

a proton in this case. 

During the course of Oppolzer's work, the existence of the thermal 

equilibrium (2253,(225a) was demonstrated. Optically active (225) was 

shown to undergo thermal racemisation at a rate faster than the rate of 

its intramolecular Diets-Alder reaction to form (226a,226b). 

We had made a number of attempts to demonstrate the existence of the 

similar equilibrium (Scheme X), for the case of benzocyclobutenol. 

(227) 	(227a) 
Scheme CI).  

It was hoped that it would be possible to observe small, stationary conc-

entrations of the dienol (227a) in the n.m.r. spectrum of a heated solution 

of benzocyclobutenol (227). However, employing hexachloro-1,3-butadiene as 

solvent, in the temperature range 80-120'C, no such evidence was obtained, 

only smooth, apparently first—order decomposition of the benzocyclobutenol 

to 2-methylbenzaldehyde was observed. This result implied that the rate of 
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the back-reaction, and/or the rate of external protonation of the dienol 

(227a) at the concentration employed at least, was too fast to allow obser-

vation of the equilibrium by this technique. 

It was decided to resolve benzocyclobutenol into its optical isomers, 

in the hope of detecting thermal racemisation at a rate faster than the 

rate of production of 2-methylbenzaldehyde. 

Of the methods available for the resolution of alcohols
63

, the method 

which seemed most appropriate to benzocyclobutenol was the preparation of 

the optically active 1-menthoxyacetate esters (228), which would be potent-

ially separable, to allow hydrolysis of a single diastereoisomer, to lead 

to (-0- or (-)-(227). The more conventional procedure involving formation 

of hydrogen phthalate esters, followed by resolution of the carboxylic acid 

function with an optically active base, seemed, at first, undesirable here 

as hydrolysis of the resolved phthalates usually requires strongly basic 

conditions, under which benzocyclobutenol would not survive. 

(228) 

However, whilst the diastereoisomeric 1-menthoxyacetates (228) were 

readily prepared, they could not be induced to crystallize, even after 

preparative thin layer chromatography (plc) had allowed their isolation in 

a state of analytical purity. Under a variety of chromatographic conditions, 

no separation of the diastereoisomers could be achieved, and indeed, no 

immediate evidence for the material being, in fact, a mixture of two comp-

ounds could be obtained by any technique. Some mixtures of 1-menthoxy-

acetates are retorted to show differences in their n.m.r. spectra
64. In 

particular, the resonances due to the alkoxy methylene protons (Ha) often 

show non-equivalence, and the degree of non-equivalence is sometimes diff- 
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erent in each diastereoisomcr, so that each may be readily detected and the 

course, and subsequent success, of the resolution process may be conveniently 

followed. However, in the case of the esters (228)1  the signal due to Ha  

appeared as a sharp singlet, even when small amounts of benzene were added 

in an attempt to induce solvent shifts. Hydrolysis of the 1-menthoxyacetates 

(228) was conveniently effected at room temperature, in methanol solution, 

in the presence of Amberlite IR-120 (H) ion-exchange resin but, as expected, 

only racemic alcohol was obtained. 

At length, we decided to resolve the hydrogen phthalate ester of benzo-

cyclobutenol, and to investigate the possibilities of the subsequent hydro-

lysis step under suitably mild conditions. The phthalate ester (229) was 

prepared by the action of phthalic anhydride upon benzocyclobutenol in 

pyridine at room temperature, and diastereoisomeric salts were formed with 

brucine (230), in ethanol. 

CH 0 

CH ,0 

(229) 
	

(230) 

The salts were separated by fractional crystallization from ethanol and 

(+)-benzocyclobutenyl hydrogenphthalate was obtained on acidification of 

the least soluble salt, in good yield. The specific rotation of the ester 

was determined as v22 	(c = 3.5, CH013). 

Hydrolysis was unsuccessful using the mildly acidic ion-exchange resin 

technique, and also failed under mildly basic conditions such as methanolic 

sodium bicarbonate or methanolic sodium carbonate. In consequence, it was 

decided finally to attempt reductive cleavage of the ester with lithium 

aluminium hydride; the lithium alkoxide of benzocyclobutenol was reported 

as stable under aprotic conditions65. Reaction was carried out in dry ether 

solution at 20-25'C and, indeed, proved to be very successful; (+)-benzo- 
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cyclobutenol was obtained in good yield. Purification was effected by thin 

layer chromatography on silica gel to preclude heating in any way. The pure 

material exhibited a specific rotation oftx- 2  D  8  . +60' (c = 1, CHC13). 

Heating the optically active alcohol in toluene at 112'C led to the 

formation of 2-methylbenzaldehyde as expected. No significant difference 

between the rate of decrease in the optical activity of the solution and 

the rate of production of 2-methylbenzaldehyde was observed, (Figure VI). 

A similar result was obtained in benzene at 80'C. 

It was concluded that such experiments with benzocyclobutenol would not 

prove fruitful, and further investigations were carried out on the optically 

active methyl ether, prepared by direct methylation of the active alcohol 

with methyl iodide/silver oxide in dichloromethane at room temperature. 

Satisfying results were now obtained. Figure VII illustrates the rates of 

racemisation of (-0-1-methoxybenzocyclobutene (c 5= 4-38t,c = 2, C6116), at-

82'C, 112'C, 130'C; under conditions where no decomposition of the starting 

material was detected in the n.m.r. spectrum. These results provide good 

evidence for the presence of the thermal eouilibrium (Scheme XI). 

Application of a first-order rate equation to the racemisation process 

allowed an estimation of the activation energy for the ring-opening process 

of 1-methoxybenzocyclobutene 

Let the concentration of optically active material be defined as ct  at time t 

At the beginning of the reaction this concentration is c0. 

The rate of racemisation, defined by the rate of disappearance of the 

optically active material, is dc/dt. 

dc 
- = k dt ct 
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where k is the first-order rate constant for the racemisation at a given 

temperature. 

Integration of the rate equation leads to: 

-ln ct= kt In c0  

or In _a= kt ct 
Figure VIII shows plots of values of In 	vs. time (t) for the experiments 

t 
conducted at 82'C, 112'C and 130'C. 

The linear nature of these relationships confirm the first-order kinetics 

of the reaction, and measurement of the gradients of the plots provides 

values for the rate constant (k) at the three temperatures. 

Temperature (T) 
	

Rate constant (k)  

82'0(355110 
	

5.55x10
-6sec-1 

112'0(3851K) 
	

1.63x10-4sec-1  

130'0(403'K) 
	

1.14x10-3sec-1 

Since the variation of the rate constant (k) with temperature ('K) is given 

by k = A e
-E/RT 

: 

or : 	in(k)= ln(A) E/RT 

a plot of ln(k) vs. the reciprocal of the absolute temperature (T) will be 

linear, and the slope will be equal to -E/R. Such a plot is to be found in 

Figure IX. The value determined for the activation energy (E) from this 

plot, assuming the value R = 1.987cal.deg
-1mole-1 was : 

E = 3.10x104cal.mole
-1 

i.e. E = 31 Kcal/mole. 

(-0-1-Methoxybenzocyclobutene was also heated in the presence of one 

equivalent of maleic anhydride. Figure X shows that the rate of the Diels-

Alder addition at 112tO is equal to the rate of racemisation of the starting ,  

material, indicating that the trapping reaction is very efficient indeed. 

This result is not unexpected in view of the observation that benzocyolo-

butenol yields no 2-methylbenzaldehyde when heated with maleic anhydride. 
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The Diels-Alder adduct (232) obtained from the reaction of (÷)-1-methoxy-

benzocyclobutene with maleic anhydride was completely optically inactive, 

and, therefore, it seems very likely indeed that the reactive species in-

volved in the reaction is planar, and is probably the true dienol ether 

(231a), rather than any form of 'twisted' biradical species which might 

lead to some induced optical activity in the product. 

A planar biradical species is not completely eliminated by these experiments, 

but it seems unlikely that the Diels-Alder reaction would proceed stereo-

specifically if a radical intermediate were involved. 

The above observations do, however, now totally exclude the possibility 

that any of the (Z)-dienol ether (231b) is formed. Such a species might 

have been unreactive towards dienophiles and would hence have not been 

detected in trapping reactions previously. However, since only one adduct 

forms in the reaction of the optically active ether, viz. (232) which is 

derived from the (E)-dienol (231a)i at a rate identical to the rata of 

racemization of the benzocyclobutene; no other planar intermediate capable 

of reversion to the starting material can possibly be involved. 

(231b) 
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A further number of Diels-Alder adducts have been prepared from the 

reactions of benzocyclobutenol and its derivatives. 

For example, benzocyclobutenol reacted readily with N-phenylmaleimide 

at 110IC to yield the adduct (233), as colourless needles, m.p. 163-5IC,(83: 

The stereochemistry of (233)  is again consistent with its formation through 

endo-addition of the dienophile to the (E)-dienol, and the cis-C
2,
C
3
-con-

figuration is also maintained. 

—Ph 

Acrylonitrile has also been used as a dienophile. Again reaction proceede 

rapidly at 110IC and, with benzocyclobutenol, it appeared that a single 

product of structure type (234) was formed. 

(234) (235) 

The material was isolated as a colourless oil (100%) which analysed correctl: 

for C
11H11

ON and showed infra-red absorptions at 3450cm
1
(OH), and 2275cm-1 

(C2iN). The n.m.r. spectrum, recorded in deuteriochloroform, eliminated the 

possibility that the 3-cyano isomers(235) had formed the signal due to 

Ha  appeared as a distorted doublet, J= 6Hz, at S4.8. Irradiation of this 

signal caused simplification of the resonance at 63.01  rather than of the 

methylene resonances to higher field. Irradiation of the'signal at c53.0 

correspondingly caused collapse of Ha  to a singlet. 

The material ran as a single band on thin layer chromatography in a variety 

of developing solvents, and on applying the multiple elution technique. 

The compound was assigned the structure (236) by analogy to proceeding work, 
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although the flexibility of the molecular model in this example precluded 

any prediction of the coupling  constant,jab'  in the n.m.r. spectrum. 

However, reaction of 1-methoxybenzocyclobutene with acrylonitrile produced 

tiro, isomeric adducts, which did not interconvert under the reaction cond-

itions, and were readily identified as the earners (237) and (238) from 

their n.m.r. spectra. 

H OH 	H OCHE 	x, OCN 

fib 	Hb 	
'CH 

(236) 	(237) 	(238) 

The yield of the mixture of adducts was nearly quantitative, and the ratio 

of the two materials was determined as 70;:3010. Unambiguous assignment of 

the structure of the major isomer was not possible from spectral evidence, 

because of the flexibility of the ring  system indicated earlier, but pro-

longed heating  of this material at 110'C led to the elimination of methanol 

N  
in the formation of the known 2-cyano-3,4-dihydronaphthalene (239)669  whilst

the analogous reaction did not take place thermally from the minor isomer. 

Such an elimination can occur via the more favourable trans-diaxial mode.in 

isomer (237). 

(239) 

It seemed that (237) and (238) were the result of, respectively, endo- and 

exo-addition to the (E)-dienol ether (231a), and it was therefore puzzling 

why only a single adduct was apparently obtained in the case of the corres-

ponding alcohol. It was possible that the hydroxyl function might have 

exerted some hydrogen bonding  effect to the nitrite group in the transition 
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state, such that one adduct only was preferred. However, the hydroxy-nitrile, 

defined as (236), was methylated with methyl iodide/silver oxide in dichioro-

methane, and was found to yield two products corresponding to the ethers 

(237) and (238). The ratio of the two ethers was identical to that obtained 

in the Diels-Alder reaction of 1-methoxybenzocyclobutene, viz. 70/3:301,, 

so that it would appear that both endo- and exo-addition occurred to the 

dienol (240) also, but that the products were so similar in their physical 

properties as to preclude their separation. It is interesting that no sig-

nificant differences in their n.m.r. spectra can be detected. 

The Diels-Alder addition of acrylonitrile is obviously not so sensitive 

to secondary orbital overlap as in the symmetrical dienophiles previously 

employed, so that both modes of addition are possible. If the assignment of 

the structure (237) is correct, the ondo- transition state is still preferred 

to some degree. No 'head to tail' adducts of type (235) were obtained, 

indicating that the direction of electron flow in the transition state of 

the cycloaddition controls the product distribution. Hydrogen bonding to 

the nitrile group is, apparently, not significant. 

 

 

(240) 

   

Reaction of benzocyclobutenol with poorer dienophiles such as trans-

crotonaldehyde and bicyclo-(2,2,1)-heptadiene (norbornadiene) proved un-

successful, as the formation of 2-methylbenzaldehyde was predominant. Pro-

tection of the dienoid species as the methyl ether would allow successful 

production of such adducts. 

Further support for the stereoselectivity in the ring-opening reactions 

of benzocyclobutene derivatives bearing oxygen substituents has been pro-

vided by the study of 1,2-disubstituted compounds67. In particular, whereas 



H
3 

CH
3  

(241) 

CH
3 

.0011
3 	CH

3 

(242) 
	

(243) 

(242b) 

I 
H
3 

CH 
CH3  
3 

(241a) 

OCH 
) 3  

CH
3 

(242a) 
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the cis-112-dimethoxy derivative (241) did not react with maleic anhydride 

after prolonged heating at 110'C, the trans-isomer (242) reacted readily 

in one hour at 80'CI  forming the tetralin adduct (243). 

Conrotatory, thermal ring-opening of these compounds would involve productior 

of the dienol ethers (241a,241b) or (242a,242b). 

CH
3  

It is clear that the cis-derivative (241) must yield e dienol ether in 

which one of the oxygen functions is, of necessity, brought into the cisoid-

orientation in transposing into the dienes (241a,241b). Conversely the 

trans-isomer (242) can avoid such a situation in one of its possible modes 

of conrotatory ring-opening, viz. in the production of (242a). The stereo-

chemistry of the Diels-Alder adduct (243) is consistent only with the endo-

addition of maleic anhydride to (242a); the production of (242b) is not 

implicated. Again then it would seem that there is a definite barrier to 

modes of ring-opening of these compounds which involve the introduction of 

oxygen functions into cisoid-orientations in the derived dienes. 



-109- 

The stereoselective nature of these processes might provide a novel 

means of direct synthesis of aryl tetralin lignans of the podophyllotoxin 

type (103). Synthesis of the appropriate benzocyclobuteno derivative (244), 

which, on thermolysis, would lead preferentially to the trans-trans-dienol 

(244a), and consequent Diels-Alder reaction with a suitable olefin would 

produce the desired carbon skeleton with at least three of the asymmetric 

centres defined. For example, trapping with maleic anhydride would yield 

the adduct (245) which requires inversion at C2  before the podophyllotoxin 

stereochemistry is obtained. 

( 244) 
	

(244a) 
	

( 245) 

Possibly reaction with fumaric acid derivatives might lead directly to the 

required relative configurations, although Stevenson's work68 suggests that 

there is a preference for the hydroxyl function in such reactions to adopt 

the configuration cis- to the adjacent carbonyl function. revertheless, this 

potential synthetic scheme allows definition of more of the natural product 

structure than is possible in the Photochemical route
1
, and, perhaps more 

importantly, it is unlikely that undesirable side reactions would be signif-

icant here. 

As far as synthesis of the required benzocyclobutenol (244) is concerned, 

the route which holds the most promise is that described by Bunnett and 

Skorcz69 and Klundt70 where e'-substituted phenylpropionic acid derivatives 

of type (246) are reacted with strong bases, under which conditions intra-

molecular ring-closure occurs, via a benzyne intermediate, to yield 1-sub-

stituted benzocyclobutenes. In this way, Klundt prepared (247), a compound 

employed by Oppolzer in his synthesis of (dl)-chelidonine. Using an approp- 



(248,Ar. 
3,4,5—trimethoxyphenyl) 

CN 

(247) 

(249) 

(246,R=CN, 
CO RI 
NO ) 
2 

■ womi.■:■• 

(250) 
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riately aryl—substituted starting material (1a. 248), mixtures of the 

benzocyclobutenes (249, cis— and trans—isomers) might be obtained. 

Conversion of the nitrile function to alcohol is possible via Baeyer—Villigel 

oxidation of the derived methyl ketone, leading to the acetate, followed by 

hydrolysis. The oxidation of 1—acetylbenzocyclobutene (250) has been shown 

to proceed smoothly with 3—chloroperbenzoic acid in dichloromethane at room 

temperature, producing benzocyclobutenyl acetate (251) in good yield. 

(251) 

a 
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Further Stereoselectivity in the Reactions of Benzocyclobutenes 

In order to determine if the stereoselective nature of the ring—opening 

of benzocyclobutene alcohols and there derivatives could be extended into 

the sulphur analogues, 1—thiolacetoybenzocyclobutene (252) was prepared. 

(252) 

This material was obtained by a simple displacement reaction on the 1—chloro-

derivative, employing potassium thiolacetate in dimethylformamide. Nucleo-

philic displacements on halo—benzocyclobutenes have been reported as very 

difficult, because of the limiting factors imposed by the four—membered ring 

fused to the aromatic nucleus. It has been suggested71 that normal SN2 

displacements cannot occur because of the strain energy involved in formation 

of a pentacoordinate transition state in these systems. Also SN1 displace-

ments, which occur readily with normal benzylic halides, are very much less 

favourable in the case of l—halobenzocyclobutenes because the intermediate 

carbonium ion does not achieve very much resonance stabilisation. Hart56 

has shown, however, that the carbonium ions derived from the carbinols (253) 

in concentrated sulphuric acid, are stabilised by significant contributions 

from the resonance hybrids indicated : 

(253) 



(256) 
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Mitche172 has demonstrated that nucleophilic displacements occur most 

readily only when very good nucleophiles, such as sulphur, or silver and 

copper salts of nucleophilic reagents, are employed. 

1-Chlorobenzocyclobutene was obtained quantitatively, and in a pure state, 

by the reaction of thionyl chloride on benzocyclobutenol, carrying out the 

preparation in two steps whereby the intermediate sulphite (254) was isolated 

and then heated in the presence of chloride ion73. The literature preparation 

of 1-cblorobenzocyclobutene74  involved pyrolysis of the mono dichloro-

carbene adduct of cycloheptatriene (255); the yield recorded was ca. 10. 

• 

scl° 	

Cl 

2 

(254) 
	

(255) 

The thiolacetate (252) reacted thermally with maleic anhydride, in toluene 

at 110,0, at a rate significantly faster than that of the acetate (251) 

under the same conditions. Such a result might be expected from the electron-

rich nature of the sulphur atom. A single, crystalline Diels-Alder adduct 

formed, and was assigned the structure (256) on the basis of its n.m.r. 

spectrum. 

Here again stereoselectivity in the ring-opening process of the benzocyclo-

butene was observed; only the (E)-dienethiolacetate (252a) was apparently 

generated. 
Ac 

(252a) 
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Synthesis of Dehydrocyclolijnanolidesb Photoenolisation 

The syntheses of justicidin E (114), taiwanin C (115), and taiwanin E(116) 

wore carried out from the aldehyde (123). 

Preparation of (123) was effected via the steps outlined in Scheme XII. 

The condensation of the Grignard reagent of 6—bromopiperonal ethylene acetal 

(257) with piperonal proceeded routinely but, on acidic work—up, the hydroxy-

phthalan (259) could not be isolated in the crystalline state because of 

existence of the equilibrium shown, which appeared to favour the hydroxy- 

\ aldehyde (2.60)75. However, oxidation of the tautomeric mixture under Jones' 

conditions, allowed isolation of reasonable yields of the lactone (261). 

Hydrogenolysis of this material over palladised charcoal in acetic acid 

solution, to yield the carboxylic acid (262), proceeded quantitatively, and 

the subsequent reductive and oxidative steps leading to the aldehyde (123) 

were carried out in excellent yields. 

Photolysis of the aldehyde (123) in dry tetrahydrofuran, in the presence 

of dimethyl acetylene dicarboxylate, through silica apparatus using a broad 

spectrum, medium pressure mercury lamp, led to the rapid consumption of 

the starting materials, and the formation of a mixture of products, which 

was shown to contain the dihydronaphthols (263);  from analysis of its 

infra—red spectrum and by its subsequent chemical reactions. 

0
2
CH
3 

0
2
CH
3 

(263) 

0 C H3  

02CH
3 

(264) 

Direct oxidation of the crude photolysis mixture with.,active manganese 

dioxide in tetrahydrofuran, yielded the naphthol (264) as the major product, 

representing a yield of '23% based on the aldehyde (123). The naphthol was 

isolated by preparative thin layer chromatography (plc) on silica gel, and 

was crystallized from ethanol. The material exhibited spectral properties 
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H2/Pd 0 

(183)  

 

(184)  (123) 

H 

(260)  (259) 

 

(258) 
i
2
Cr207 

acetone 

HO 

(257) 

1)MelBrCH0CH2Dr 

ii)piperonal 

V 

Scheme (XII)  
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consistent with the proposed structure. Particularly relevant was the infra-

red spectrum which showed two carbonyl bands, at 1730cm-1 and 1660cm-1  knujol; 

together with a weak, broad 0-H band in the range 2700-3600cm , Indicating 

that one of the ester groups was intramolecularly hydrogen bonded to the 

hydroxyl group, as illustrated. The hydroxyl proton could not be detected 

in the n.m.r. spectrum of the material, recorded in hexadeuterioacetone, 

either because the signal was extremely broad, or perhaps because exchange 

with the solvent had occurred. No proton signal at lower field than (58.0 

was detected, indicating the absence of a 1-naphthalene proton adjacent to 

a carbomethoxy group. The material analysed correctly for C22111609. 

It was found that treatment of (264) with lithium aluminium hydride, in 

an attempt to obtain the diol (265), led to over-reduction with formation 

of the methyl substituted naphthol (266), presumably via an intermediate 

ortho-quinone methide of structure (267). 

(266) 
	

(267) 

Conversely, reduction with sodium borohydride in methanol led directly 

to the lactone (268), identified as taiwanin E (116). This novel reduction 

may be explained by invoking the partial hydrolysis of the diester (264) in 

sodium methoxide solution (Nal3II
4
/cH

3
0H) which might lead to the inter-

mediacy of the anhydride (269) which, in turn, might suffer selective red- 

uction at the carbonyl adjacent to the phenolic croup/  particularly if the 

borohydride residue were coordinated to the phenolic oxygen. Two facts which 

support such a mechanism are the following : 
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1) no reduction was observed until the methanolic solution became very 

strongly basic through decomposition of a considerable amount of sodium 

, borohydride, and 

2) a minor by-product isolated after chromatography of the reaction of the 

reaction mixture was, in fact, the anhydride (269). 

(268) (269) 

The lactone (268) apparently coordinates very strongly to boron residues. If 

work-up was carried out under only mildly acidic conditions, the material 

isolated contained considerable amounts of boron and, whilst appearing as 

the desired product on thin layer chromatographic examination, was remarkablz 

insoluble in organic solvents, and exhibited only broad bands in its infra-

red spectrum. The free naphthol was released from its boron complex by direc-

treatment with dilute hydrochloric acid. Taiwanin E was identified from its 

melting point, spectral properties, and by direct comparison with an auth-

entic sample of the natural material, obtained from the photooxygenation-

reaction of natural taiwanin A (270), kindly supplied by Dr. K-T. Wang, of 

the National Taiwan University, Taipei, Taiwan, as described in the liter-

ature10. 

(270) (271) 



-117— 

The yield of taiwanin E from the reduction of (264) was 60%; none of the 

fretrolisomer (271) was obtained in this experiment. 

In another experiment, the crude photolysis mixture from the reaction of 

(123) with dimethyl acetylene dicarboxylate was treated directly with 

p—toluenesulphonic acid, which led to the formation of the dehydration 

product, the naphthalene (272), in 30% yield. Again, preparative thin layer 

chromatography (plc) was necessary to effect isolation of the product, which 

then crystallized from ethanol, m.p. 215-81C, (lit76  m.p. 216'C). 

Ha , 
2CH3 

....CO
2
CH
3 

(272)  

The infra—red spectrum of this material showed only a single carbonyl band 

at 1725cm-1. The n.m.r. spectrum was consistent with the proposed structure, 

Ha  appeared as a singlet at 68.40 (CD313). 

Reduction of the naphthalene with lithium aluminium hydride in dry 

ether/tetrahydrofuran at room temperature yielded the diol (273) quantitat-

ively, whose physical and snectral properties were identical with those 

reported in the literature77. 

(273)  

Following Stevenson's procedure77, (273) was oxidised with silver carb-

onate on celite reagent78 in refluxing benzene, to yield a mixture of the 

lactones (274) and (275), (100%). These materials were separated with some 

considerable difficulty by preparative thin layer chromatography, and were 

identified as justicidin E (114) and taiwanin C (115). The major isomer 
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was confirmed as justicidin E by comparison of its spectral properties with 

those reported79, with particular reference to the n.m.r. spectrum, in 

which Ha appeared as a singlet at 58.27 (CACI3
)f  consistent with the 4-pheny 

-3-hydroxymethylnaphthalene-2-carboxylic acid lactone structure (274), but 

not with the 'retro'-isomer (275). 

The minor isomer, taiwanin C, was confirmed by direct comparison with an 

authentic specimen, obtained also from the photolysis of taiwanin A10. The 

ratio of the two lactones from the oxidation of (273) was determined from 

the n.m.r. spectrum of the crude reaction product as 85%:15%. 

(274) (275) 

Dehydropodophyllotoxin (276) was also prepared from the aldehyde (104), 

obtained from the work of Dr. Mellows
1
. 

Photolysis of (104) in the presence of dimethyl acetylene dicarboxylate, 

followed by oxidative work-up, led to the naphthol (277), which crystallized 

directly from the reaction mixture in 255 yield. Sodium borohydride reduction 

of (277) in the manner described above, produced dehydropodophyllotoxin (276: 

directly, in 67% yield. None of the 'retrot-isomer (278) was obtained. 

CH
3  CH 	H

3 	
CH 
3
0 

oc 113 	113  

(277) 	(278), 

It is of note that this synthetic procedure could, in principle, be 

applied to any particular aryl-substituted cyclolignanolide of structures 

(112) or (113). Synthesis of the appropriate aldehyde precursor is the 

principal general requirement, and Scheme XII satisfies such generality. 
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Further Photochemical Studies 

Since 2-methylbenzaldehyde reacts with maleic anhydride under certain 

Photolytic conditionsl, the failure of the oxygen-substituted aldehydes (104) 

and (123) to undergo such a reaction is puzzling. Dr. Mellows1 suggested 

that the reactions of (104) with olefinic dienophiles were necessarily 

complicated by the number of stereoisomeric products possibly formed, which 

would create difficulty in their isolation. In the light of our current 

knowledge, however, we would now expect only the two isomers (e.g. (279,284 

which are dependent only upon the orientation of the aryl group in the 

(E)-photo-enols (281a,281b); as we have no evidence that it is possible to 

trap photo-enols in which the hydroxyl function adopts the (Z)-configuration. 

In order to test this suggestion, a closer analogy to the structures of 

the aldehydes (104,123) was desirable in any model photochemical work. 

2-Benzylbenzaldehyde (282)
80 was therefore prepared. 

The preparation involved Friedel-Crafts acylation of benzene with 2-bromo-

benzoylchloride, followed by Clemmensen reduction of the benzophenone to 
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yield the diphenylmethane (283), which was formylated via reaction of its 

Grignard derivative with triethylorthoformate and subsequent hydrolysis. 

(283) 

When photolysed in acetone in the presence of maleic anhydride, 2-benzyl-

benzaldehyde (282) reacted rapidly, to form a mixture of Diels-Alder adducts 

of the expected type (284). 

These materials proved to be somewhat unstable and could not be crystallized 

or purified by chromatography. Heating the crude photolysis product in 

toluene at 1101C caused the now expected lactonisation to occur, with the 

formation of a mixture of compounds of structure type (285). No anhydride 

absorption bands remained in the infra-red spectrum of the heated mixture, 

implying that no initial adduct possessing a hydroxyl group trans-  to the 

carbonyl function at C
3 

had formed; viz. (Z)-photo-enols were not implicated. 

The lactone-acids (285) were methylated with diazomethane, and two, easily 

separable, isomeric methyl esters were obtained. These materials were assign- 

ed the structures (286,287). 

H, • 	 H, 

Oak H 
	0

2
CH
3 

0 	0 

110 

(285) 
	

(286) 
	

(287) 
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The major component was identified as (286) on the basis of its n.m.r. 

spectrum in which Ha  appeared as a doublet of Jab= 5Hz, consistent with a 

dihedral angle between Ha  and Hb  of ca. 40', as determined from inspection 

of the Drieding molecular model. The major isomer constituted 80% of the 

mixture. 

The minor component (20%) was assigned the structure (287). The n.m.r spec-

trum was very similar to that of (286) except that Ha  appeared as a broad-

ened singlet, in agreement with the observed dihedral angle of ca. 80' 

between Ha and Hb 
in this case. 

The ester (286) is derived from the acid (285a), which is itself the result 

of thermal isomorisation of the anhydride (284a). This anhydride is produced 

through endo-addition of maleic anhydride to the dienol (282a). The minor 

product (287) is likewise derived from the dienol (282b). Obviously, dienol 

(282a) is preferred by a factor of 4 : 1 over (282b). 

EL 
GO2H 

(285b) 

This result is in agreement with Hamer's proposal
28 that the product dist-

ribution in photoenolisation reactions reflects the conformation of the 

starting material. It seems logical to assume that hydrogen abstraction in 

2-benzylbenzaldehyde will occur preferentially in conformation (288), rather 

than in conformation (289), leading to the predominance of the biradical 

(290) over (291). Whilst these biradicals may not necessarily collapse to 

ground-state dienols via a concerted process with conservation of orbital 

(284b) (282b) 



PII 

(288)  

H 

Ph 

(289)  

(292)  

OH 

Ph 

(293)  

(290) 

Ii 

(291) 

1' CO!R 	NCO2R 

01011! ti 

HO' 
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symmetry, it seems likely that they will yield the corresponding dienols 

(282a) and (282b) respectively, either in a single step, or, as suggested 

by Hamer, via the 'hot' benzocyclobutenols (292,293). 

Oppolzer has recently described an intramolecular Diels-Alder reaction of 

the aldehyde (294), on photolysis.81 

(294) 
	

(295a) 
	

(295b) 

(296) 
	

(297) 

Here, the stereochemistry of the products (295a,295b) is consistent with 

their formation from the trans-trans-dienol (296) alone. It is possible 

that, in this system, dienol (297), if formed, cannot adopt the required 

transition state for Diels-Alder addition and, in consequence, either reverts 

to the starting material or leads to undesired side reactions. 
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Having successfully prepared the lactone (286) in which three of the 

four asymmetric centres are established in the correct relative stereochem-

istry for podophyllotoxin (103), it was considered worthwhile to attempt to 

invert the centre at C2, as a basis for the total synthesis of the podo-

phyllotoxin skeleton. Conversion of the bridged lactones of the type (286) 

into the hydroxy lactones of the type (298) has been shown to present little 

difficulty'. 

It was thought that the required inversion might be fairly readily ach-

ieved by simply treatment of the lactone ester (286) with a suitable base;  

to effect formation of the enolate (286a), which on reprotonation would 

yield at least 50- of the desired isemer (299). 

(286a) 
	

( 299) 

As only a limited quantity of (286) was available, it was rather simpler 

to use compound (300) for such experiments, as this material was readily 

available through methylation of the product of reaction of maleic anhydride 

with benzocyclobutenol. Treatment of (300) with sodium hydride in dry tetra-

hydrofuran indeed led to the formation of the enolate (300a), but rapid 

decomposition apparently occurred and, on reprotonation, the bridged lactone 

function was lost; the only Product isolated was the acid (301), which 

presumably arises via the elimination process indicated, and the ester (302) 

is hydrolysed in the aqueous work-up conditions. Reversible enolisation of 

the ester promised, therefore, to be more successful; however, treatment of 
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(300) with triethylamine at room temperature or at 80'C led to no detectable 

reaction. 

(300) 
	

(300a) 
	

(302) 
	

(301) 

Treatment with 1,5-diazabicyclonon-5-ene (DBN) led to the slow production of 

(302) via an E
2 
reaction. 

Gensler et A182  have reported the successful use of methanolic sodium 

acetate in the epimerisation of dooxyrodophyllotoxins 	303), where the 

thermodynamically less stable trans-fused lactone isomerised quantitatively 

to the cis-form (304). However, no reaction occurred in treatment of (300) 

with sodium acetate in methanol, either at room temperature for three days, 

or at reflux overnight. 

0 

CH• 	 CH
3 	

CH 	'-OCH
3 .H

3 	
CH
3 

(303) 
	

(304) 

In a preliminary experiment, it has now been possible to demonstrate the 

occurrence of photoenolisation in a system other than an aryl aldehyde or 

ketone. 

2-Methylbenzoylnitrile (305) was prepared by oxidation of the cyanohydrin 

derivative of 2-methylbenzaldehyde with active manganese dioxide in benzene. 

C11 

3 

(305) 
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Photolysis of the benzoylnitrile (305) in the presence of maleic anhydride 

in dry benzene solution led to the rapid disappearance of the starting 

materials and, on evaporation of the solvent, an oily residue was obtained 

which, from its infra-red spectrum, possibly contained a Diels-Alder adduct. 

The potential adduct (306) was expected to be unstable with respect to the 

elimination of hydrogen cyanide, since it is the cyanohydrin of an oc-tetra-

lone83. Accordingly, the crude reaction product was treated with aaueous 

sodium bicarbonate solution, in an attempt to complete its conversion to 

(307). 

(306) (307) 

Under these conditions it was found that all of the material, apart from 

some unreacted (305), was soluble in the aqueous phase. Acidification of 

the extract yielded a carboxylic acid, identified as (308). Presumably this 

material arises through hydrolysis of the keto-anhydride (307) and subsequen-

decarboxylation of (309) under the basic conditions. 

"-CO211 

0211 

0211 

(3os) 
	

(309) 

This result indicates that the benzoylnitrile (305) undergoes 'photoenol-

isationt to yield (probably) (305a) which may be intercepted with dieno-

philes. Interestingly, attempted photoenolisation of 2-methylbenzoylchloride 

under the same conditions failed. 

(305a) 
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Photooxyp:enation and related reactions  

2-Nethylbenzophenone is reported to form the products (310-313) on photolysi. 

in the presence of oxygen54. 

The non-cyclised products (310-312) are visualised as the decomposition 

Products of an unstable 1,4-peroxide (314). Such peroxides have been isclatc 

and characterised in a number of cases25'84. Porterl8  suggested that these 

adducts result from direct reaction of ground-state photo-enols with triplet 

(ground-state) oxygen. Alternative explanations require either that oxygen 

may be sensitized by the presence of triplet sensitizers in the solution to 

yield reactive singlet oxygen, which can undergo Diels-Alder addition to 

the photo-enols, or that ground-state oxygen reacts directly with the 

hydroxy-1,4-biradical intermediate before it collapses to the dienol. Porter 

has shown, however, that the biradicals may be insensitive to oxygen. 

. In our hands, photooxidation of 2-methylbenzophenone proceeded very rapidly, 

and the peroxide adduct (314), whilst somewhat unstable, could be isolated 

and identified from its n.m.r. spectrum which showed a distinctive AB quartet 

system for the resonances due to the benzylic protons, a::,54.97 and c55.67f 

J
AB
. 16Hz. 

In order to test whether this oxidation was the result of direct reaction 

of the dienol (314a)with triplet, ground-state oxygen, 1-phenylbenzocyclo-

buten-1-ol was heated in toluene solution at 110'C, in a flask shielded 
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from the light, bubbling a stream of oxygen gas through the solution. 

Whilst the major course of reaction was the formation of 2-methylbenzo-

phenone via external protonation, the crude product gave a strongly positive 

test with moistened starch-iodide paper, and close inspection of the n.m.r. 

spectrum of the material revealed that the Peroxide (314) was present. 

(314a) 

This result would seem to confirm Porter's suggestion that photo-enols aro 

very reactive indeed towards certain species, and do in fact react directly 

with molecular oxygen. Such a result may well explain the rapid decomp-

osition of reactive benzocyclobutenols and their derivatives, such as 

1-vdnylbenzocyclobuten-l-ol and 1-methoxybenzocyclobutene, when stored in 

air. 
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Low temperature photolyses  

Hamer's concept of a vibrationally 'hot' benzocyclobutenol intermediate in 

photoenolisation reactions would seem to require that photolysis of 2-alkyl  

aryl carbonyl compounds at low temperature would lead to the isolation of 

the intermediate, as thermal deactivation might be expected to restrict its 

ring-opening reaction. 

Photolysis of 2-methylbenzaldehyde at -60'C in acetone solution led to the 

formation of a transient yellow colouration, as reported earlier, and in 

the literature
26
; however, analysis of the reaction mixture showed that, 

rather than the starting material being recovered unchanged, the solution 

contained considerable amounts of benzocyclobutenol. It wasp  however, diff-

icult to estimate whether the yield obtained at -60'C was significantly 

different from that at room temperature, although it appeared that many of 

the bimolecular reactions encountered at room temperature had been eliminate,  

Possibly by limiting molecular translational energies. 

2-Methylacetophenone yielded 1-methylbenzocyclobuten-l-ol on irradiation at 

room temperature. The yield of the alcohol was good but the % conversion 

after 12 hours was very low. Matsuura25 had observed similar results in 

the photolysis of 2,4,6-trimethylacetophenone, but had suggested that steric 

compression in the photo-enol (315), induced by the adjacent aryl methyl 

group, aided the cyclisation to form the benzocyclobutenol (316). 

CH 

(315) 
	

(316) 

Clearly no such effect can be operative in the case of 2Lmethylacetophenone. 

Cooling 2-methylacetophenone to -60'C caused no apparent increase in the 

rate of its nhotoisomerisation, or in the yield of the cyclobutenol obtained. 

In addition, photolysis at room temperature in the presence of maleic anhy-

dride, led to the rapid formation of the Diels-Alder adduct (317), and very 
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little 1-methylbenzocyclobuten-l-ol could be detected in the reaction mixtur 

2-Methylbenzophenone does not yield its corresponding benzocyclobutenol on 

photolysis at room temperature. Having shown that this particular benzo-

cyclobutenol (318) was in fact very unstable thermally, we thought that it 

might be possible to detect small amounts present if 2-methylbenzophenone 

were irradiated at low temperatures. However, no support for this suggestion 

was in fact obtained. 

(318)  

It would now seem likely therefore, that photolysis of such compounds 

proceeds via the formation of a hydroxy-l,4-biradical (LE. 319) which, , 

instead of collapsing solely to a vibrationally 'hot' benzocyclobutenol, 

most probably suffers a number of divergent fates, viz. : 

1) it may revert to the starting ketone by a rapid back-donation of hydrogen 

within the biradical28'85; 

2)it may form the (E)-dienol (320), which, in the absence of other courses 

of reaction, also reverts to starting ketone; 

3)it may cyclise to the benzocyclobutenol (321), possibly reversibly, and 

in certain cases, e..a. where R=H or R-alkyl, this may prove to be isolable. 

These fates are illustrated in Scheme XIII. 

Such a mechanism does not exclude the possibility that the benzocyclo-

butenol (321), if sufficiently 'hot', may ring-open to yield the (E)-dienol; 

or, indeed, the reverse of this process whereby the dienol undergoes ring- 

• 
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closure. The relative contributions of the divergent fates of the biradical, 

apart from the hydrogen reversal whose contribution is probably solvent 

dependent85, are presumably dependent upon the relative stabilities of the 

benzocyclobutenol (321) and the dienol (320). It has been shown, for example, 

that phenyl substituents often stabilise o-quinone dimethides through ex-

tended conjugation86. 
 

a" 

(320) 	 (321) 

Scheme  XIII 

The mechanism whereby the triplet biradical (319) is able to collapse to 

the ground-state species (320,321) is not clear. Hamer has suggested that 

spin-inversion must precede such processes, but recent work by Turro
87 has 

demonstrated that it may be possible for such states to interconvert yia-

a mechanism of asymmetric rotation. Such a concept may be applied to Hamer's 

results and eliminates the need to invoke concerted, disrotatory modes of 

cyclisation within the biradical to account for the observed products. 
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Miscellaneous Reactions  

Some attempts have been made to generate hydroxy-o-quinone dimethides 

by alternative routes. In view of the note in the literature88 that cic-bromo-

ocol-diphenylorthoxylene (322) reacts with base to form diphenylbenzocyclo-

butene via elimination of HBr, and also the various reports89 that ortho-

xylenes having strongly electron-withdrawing groups in one of their cc-posit-

ions can tautomerise to o-quinone dimethides, it was thought worthwhile to 

attempt to isomerise suitable ortho-substituted aryl carbonyl compounds to 

dienols or benzocyclobutenols under the influence of bases. 

(322)  

2-Methylbenzaldehyde readily formed an anion on the aryl methyl group, 

with, for example, sodium hydride in dimethylformamide. However, under these 

conditions, the anion appeared to self-condense leading to dimeric products. 

2-Methylbenzophenone reacted readily with lithium diisopropylamide in 

dry tetrahydrofuran at low temperatures to form a deep red solution of, 

presumably, the lithium salt (323). On heating, this appeared to yield only 

dimeric condensation products. 

(323)  

In another experiment, one equivalent of H-phenylmaleimide was added to 

the red solution at -30'C, in an attempt to induce 1,4-addition leading to 

(324), or even the cycloadduct (325), in the light of Ullman's results9°  on 

the addition of tetracyanoethylene to 2-benzy1-3-benzoylchromone in the 
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presence of sodium hydride. 

(325) 

However, no such addition was achieved; the N-phenylmaleimide apparently 

polymerised at the expense of the anion (323) and 2-methylbenzophenone was 

recovered quantitatively. The reactions of anions generated with lithium 

diimpropylamide have been shown
91 to be somewhat more complicated than 

might be expected, because of the very close association of the diisopropyl-

amine residue with the carbanionic site. In particular, such anions do not 

apparently incorporate deuterium on addition of deuterium oxide; an observ-

ation interpreted in terms of transference of the diisopropylamine proton 

exclusively to the carbanionic site by a non-competitive process. Such 

effects may unnecessarily complicate our intended reaction so that altern-

ative strong, non-nucleophilic bases may prove more effective. 
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EXPERIMENTAL 
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All melting points were determined on a Kofler hot stage and are un-

corrected. 

Infra-red (Ir) spectra were recorded on a Pye-Unicam SP200 spectrophoto-

meter for nujol mulls, unless otherwise stated. 

N.m.r. spectra were recorded, subject to certain stated exceptions, for 

solutions in deuteriochloroform (CDC13)
, 
with tetramethylsilane (TMS) as 

internal reference, using either a Varian T60 instrument (routine work), or 

a Varian HA100 spectrometer. The following abbreviations are used in connect-

ion with the n.m.r. spectra : 

s = singlet 	DMS0-d6 
 = hexadeuteriodimethyl- 

d = doublet 
(dd = double- 

doublet) sulphoxide. 

t = triplet 

q = auartet 

m = multiplet 

br = broadened 

Coupling constants are Quoted as J values (Hz). 

Mass spectra were recorded on either an AEI MS9 or Perkin-Elmer PE270 

mass spectrometer. 

Thin layer chromatography (tic) was routinely used for following the 

course of reactions; generally 'silica gel' refers to Kieselgol GF254 (Merck) 

grade, activated at 1101C for lhr. before use. Chromatograms were developed 

in chloroform unless indicated otherwise. Preparative thin layer chromato-

graphy (plc) was carried out on plates of lmm thickness, under similar 

conditions. 

Tetrahydrofuran was dried over and distilled from lithium aluminium 

hydride immediately before use. Ether and benzene were dried over sodium-

lead alloy; toluene and xylene were redistilled after drying with calcium 

hydride. Acetone ('Analar' grade) was stored over 4A molecular sieves. 

Solvent mixtures are described in ratios of volumes. 

Unless otherwise stated, 'petroleum' refers to the fraction of b.p. 60-80t 
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Photolyses were carried out in pyrex (>300nm) or silica (Quartz), (A>220nm), 

vessels equipped with glass sinters through which dry nitrogen was continuous 

ly passed to expel and exclude oxygen from the solutions, and also to provide 

agitation. Solutions were cooled internally at 25-301C. The light source 

employed was a 500w medium pressure mercury vapour lamp of broad spectrum 

irradiation, peaking at 366nm (Hanovia Photo-Chemical 'Reading Reactor'). 

Ultra-violet spectra were recorded on a Pye-Unicam SP800 spectrophotometer 

for ethanolic solutions, unless stated to the contrary. 

All organic solvent extracts were dried over anhydrous sodium sulphate 

before evaporation. 
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2-Methylbenzaldehyde (126)  

2-Methylbenzoic acid (30g) was dissolved in ethanol (200m1), to which 

acetyl chloride (10m1) had been added, to produce an approximately 3% sol-

ution of HC1. The solution was brought to reflux for 12-13hr., after which 

only traces of the starting material were detectable (tic). Evaporation of 

the solvent at reduced pressure yielded a pale yellow oil (35g), which was 

identified as ethyl-2-methylbenzoate; vmax(liquid film) 1709cm-1. 

The crude ester (35g) was dissolved in dry ether (250m1) and was added 

slowly, with stirring, to a suspension of lithium aluminium hydride (log) 

in dry ether (250m1), under an atmosphere of dry nitrogen and at O'C. The 

mixture was stirred at 0-51 C for 1-2hr. until work-up of a small aliquot 

revealed no ester remained. Saturated ammonium chloride solution (200m1) eras 

then cautiously added, at 0'0, ensuring that adequate stirring was maintained 

The reaction mixture was stirred for a further lhr. before separating the 

phases and extracting the aqueous phase with more ether, washing the com-

bined organic extracts with water, and drying. On evaporation of the solvent, 

2-methylbenzyl alcohol (25g) crystallized as long white needles; vmax  3400cri- 

The alcohol (25g) was dissolved in dichloromethane (ca. 500m1) and was 

stirred, under nitrogen, with active manganese dioxide (100g), until no - 

starting material could be detected (tic), ca. 3-4hr. The solids were filt-

ered off through a bed of celite, washing well with more solvent, and the 

filtrate was evaporated on a cool bath under reduced pressure to yield 

2-methylbenzaldehyde (24g, 90%) as a pale yellow oil; vmax(liquid film) 1690, 

2750 cm 1. Amax 250.5nm(10,000,293nm(l400).L2.6(3H,$)45.9-7.7(411,m), 

Sio.16(1H,$). 

2-Methylbenzaldehyde was not purified by distillation as considerable 

losses were usually incurred due to the volatility of the material and its 

susceptibility to oxidation. Instead, the material was dissolved in ether 

and was shaken with an equal volume of saturated sodium metabisulphi-Le sol-

ution at room temperature for 3hr., whereupon white crystals of the bisulph- 
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ite complex were deposited. The complex was fitered off and washed with 

ether before drying in vacuo. 2-Methylbenzaldehyde was routinely stored in 

the form of its bisulphite complex, being readily released immediately prior 

to use by the following procedure : 

A weighed quantity of the bisulphite complex was dissolved in a little 

water and excess solid sodium carbonate was added. The solution was directly 

extracted with dichloromethane and the organic phase was washed once with 

water before drying, in a flask shielded from light, and evanoration of the 

solvent (reduced pressure, cool bath), to yield pure aldehyde, (100=A. 

Irradiation of 2-methlbenzaldehvde 

1)2-Methylbenzaldehyde (0.512g) was irradiated as a 1% solution in dry 

benzene, through pyrex apparatus, for 2.5hr., when decomposition was almost 

complete. The solvent was evaporated to low bulk and the residue was chrom-

atographed (plc). Three major products were obtained, designated (a), the 

most polar material; and (b1) and (b2), the least polar, being of very 

similar Rf value (CHC13
) and which were only separated cleanly after repeat°• 

chromatography. The following spectral data was recorded for each compound : 

(a), v ax(CHC13) 1610,1690,3500cm-1 51.62(311,$),S2.11(3H,$),(52.0-3.5(1 or 2H, 

broxchangeable D2
0,64.38(1H,$),S.11(1H,$),c56.80-7.60(ca.3Hlm). 

m/e 239,221,195,178,121,119,91(base peak). 

(b1)1vmax(CHC13
) 1580,1605,1690,3500cm 1. 2.45(3h,$),S4.6l(2H,$),h7.0-8.0(cE  

10H,m),J10.2(1H,$)Ino OH detected.m/e 237,223,221,178,119(base peak),91. 

(b2),vmax(CHC13) 1580,1605,1680cm 1.6.2.68(6H,$),S7.1-7.8(8H1m). 

m/e 237,221,219,119(base peak),105,91. 

The data obtained for (b2
) is consistent with the structure of 2,2'-dimethyl 

benzil (128). 

2)2-Methylbenzaldehyde (0.356g) was irradiated in quartz apparatus in the 

presence of maleic anhydride (0.303g), in dry acetone (45m1) for 1.5hr., 

after which no starting materials could be detected (tic). Evaporation of 

the solvent yielded a yellow oil which, on trituration with cold ether, 
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solidified as an amorphous powder, m.p. 105-120'C; vmax  1760,1840,3500cm 1; 

in good agreement with the hydroxy-anhydride (143)1 
 • 

3)2-Methylbenzaldehyde (0.405g) was photolysed in acetone (40m1) to which 

deuterium oxide (5m1) had been added, through quartz apparatus. Aliquots 

were removed at intervals and, after evaporation of the solvent, the n.m.r. 

spectra of the residues obtained were examined. The aldehyde completely 

decomposed after ca. lhr. under these conditions but, whilst it could still 

be detected, no incorporation of deuterium into the aryl methyl group was 

observed in comparison of the relative intensities of the methyl signalS2.6 

and the signal due to the formyl proton, 8.10.16. 

4)2-Methylbenzaldehyde was irradiated as a 1% solution in benzene saturated 

with D20
, through both Quartz and pyrex vessels. Decomposition was evident 

in both cases, although the reaction was very much cleaner in the pyrex 

apparatus, as an oily film rapidly developed on the walls of the quartz 

vessel, preventing efficient photolysis. Ii neither case was any significant 

incorporation of deuterium observed by analysis of the n.m.r. spectra of the 

reaction mixtures. 

In a further experiment, the irradiation was carried out in pyrex appar-

atus as above for 30min. and the 2-methylbenzaldehyde which still remained 

was isolated from the mixture by plc. Neither the n.m.r. nor the mass spect-

rum of the sample obtained revealed any evidence of deuterium incorporation. 

5)2-Methylbenzaldehyde (0.250g) was photolysed in dry acetone (250m1) through 

quartz apparatus, cooled internally to -60'C, for 10min.. A fairly intense 

yellow colouration developed which faded within *.in. in the dark. Tlc 

examination of the reaction mixture revealed the presence of small amounts 

of polar materials in addition to unchanged starting material. Irradiation 

was continued for lhr.; the yellow colouration appeared at the same intensit; 

throughout the experiment, and again faded within 1;imin. on switching off 

the light source. The n.m.r. spectrum of the residue obtained on evaporation 

of the solvent revealed bands at £2.70-3.70(2H,double ABq,J's=14,5,2Hz), and 
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at (55.13(1H,dd,Ps=5,2Hz); together with aromatic signals and other bands, 

consistent with the presence of benzocyclobutenol (130). The alcohol appeare 

to constitute ca. 50% of the mixture. 

6)2-Methylbenzaldehyde (0.06g) was dissolved in benzene saturated with 

D
20 (200m1;0.03%solution), and was irradiated through pyrex apparatus at 

room temperature for 35min. After drying, the solvent was evaporated to 

yield a white oily solid, which consisted of several components (tic). The 

major product was identified from the n.m.r. spectrum as benzocyclobutenol. 

Treatment of the mixture for lhr. at room temperature with 0.25W aqueous 

sodium hydroxide solution30  produced a distinctive odour of an aromatic 

aldehyde and,.after extraction of the mixture with chloroform, washing with 

water, drying and evaporating the extract, the n,m.r. spectrum showed that 

2-methylbenzaldehyde had been produced at the expense of the alcohol. 

A similar result was obtained upon irradiation of a.0.03% solution of 

the aldehyde in sdry benzene or acetone under identical conditions. 

Benzocyclobutenyl acetate (141)  

i)To a mildly refluxing solution of vinyl acetate (1.727g,0.02mole) and 

amyl nitrite (1.172g,0.01mole) in dichloromethane (25m1), was slowly added, 

with stirring, anthranilic acid (1.3706.10.01mole) in dioxan (10m1). Evolution 

of gas and dark colouration of the mixture was immediately apparent. When 

the addition was complete, the mixture was refluxed for a further 20-25min., 

after which time evolution of gas had ceased. Tlc examination of the solutio 

revealed little or no benzocyclobutenyl acetate present. 

ii)The above procedure was repeated but using a 10-fold excess of vinyl 

acetate. Chromatography of the mixture obtained on a column of alumina (grad 

III) led to the isolation of ca. 10% of the desired product contaminated 

with some biphenylene. 

iii)Vinyl acetate (0.lmole) and amyl nitrite (0.01mole) were stirred in 

refluxing dichloromethane (5m1), and anthranilic acid (0.01mole) in diglyme 

(10m1) was added very slowly, over 1.5hr. The resulting dark solution was 



-140- 

refluxed (50-60'C) for a further 30min. and, after cooling and evaporation 

of the volatile solvents, the residue was chromatographed as before. Benzo-

cyclobutenyl acetate, again contaminated with biphenylene, was obtained in 

some 20% yield. 

iv)The above procedure was repeated except that work-up was carried out as 

follows : the volatile materials wore removed under reduced nressure and 

the dark solution in diglyme so obtained was poured into water and the 

mixture extracted with petroleum (b.p.40-60'C), discarding the tarry residue 

The extracts were combined and washed with water (x3) before drying and 

evaporation to yield a brown oil which contained some of the desired product 

but from which separated a considerable cuantity of buff, crystalline materi 

which, after recrystallizetion from cyclohexane, was identified as diphenyl-

amine-2-carboxylic acid (148), m.p. 184-5'C35 from its infra-red and mass 

spectral data. 

v)To vinyl acetate (0.lmole), stirred at reflux with dichloromethane (5m1) 

at ca. 70-80TC, was added concurrently, solutions of anthranilc acid (0.01m) 

in diglyme (10m1), and amyl nitrite (ca. 0.02mole) in dichloromethane (10m1) 

over a period of 1.5hr.. Reflux was then continued for a further 30min. and 

work-up was effected as in (iv). Distillation of the brown oil at 50-54'C/ 

3mm. Hg, yielded 15-20% of benzocyclobutenyl acetate, still slightly cont-

aminated with biphenylene. 

vi)To vinyl acetate (0.lmole) in refluxing tetrahydrofuran (10m1), was added 

concurrently, solutions of anthranilic acid (0.01mole) in tetrahydrofuran 

(10m1) and amyl nitrite (0.02mole) in the same solvent (10m1), over 30min. 

The mixture did not darken appreciably. Reflux was continued for a further 

30min. before work-up by evaporation of the solvents and distillation of the 
a 

residue. Less than 10% of the desired product was obtained. 

The successful procedure finally adopted was carried out as follows : 

vii)To anthranilic acid (17.1g) and trichloroacetic acid (0.2g) in tetra-

hydrofuran (125m1), cooled in ice-water, was added, with stirring, amyl . 
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nitrite (18g), over lmin.. The mixture was allowed to warm slowly to room 

temperature and was stirred for lhr.. The deep red precipitate gradually 

became tan in colour. The mixture was cooled to 10'C, and the precipitate 

of benzenediazonium-2-carboxylate was collected on a conventional Buchner 

funnel, not allowing the filter pad to become dry. The material was washed 

with ice-cold tetrahydrofuran until the washings were colourless, and then 

with cold dichloromethane (ca. 100m1), again not allowing the material to 

dry. The compound was then slurried with cold dichloromethane, dispensed 

from a polythene wash bottle, and the slurry was cooled in ice until require:' 

Vinyl acetate (66g,6-fold excess) in dichloromethane (75m1) was brought to 

reflux, with stirring, in a wide-necked conical flask having no ground-glass 

joints. The slurry of benzenediazonium-2-carboxylate in dichloromethane was 

then added in small portions, over 35min.-lhr.. Slow dissolution of the solic 

was observed, together with the evolution of gas. Reflux was continued for 

a further lhr., until no more gas was evolved and all of the solid had dis-

solved; the solution was very dark in colour. The solvents were then evap-

orated, and the residue was poured into water and extracted with light pet-

roleum, discarding the tarry material. The pale yellow extracts were combinee 

and washed with water, dried and evaporated to yield benzocyclobutenyl 

acetate (141), (8.5g), of reasonable purity (n.m.r.) and containing only 

a trace of biphenylene and other minor products (tic). A further 1.25g of 

material was obtained by steam distillation of the residual tar; total 

yield = 50'10 from anthranilic acid. 

In another run, and routinely, the whole of the reaction mixture (after 

evaporation of the volatile solvents) was steam distilled, leading to the 

isolation of the product in 42% yield. A sample was purified by chromato-

graphy on a column of silica gel (M.f.c.), eluting biphenylene with petroleu7 

(b.p.40-60'C), followed by the benzocyclobutenyl acetate with benzene or 

chloroform. vmax  (liquid film) 1245,1735cm
-1
. 62.10(3H,$),S3.03-3.76(211,ABg, 

split into an octet, Ps=1414,2Hz),S5.83-5.96(1H,ddIJ=4,2Hz),67.08-7.33(4H,m) 
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Hydrolysis of benzocyclobutenyl acetate  

i)The acetate (0.270g) was dissolved in ethanol (50m1) and a 5% aqueous 

solution of sodium carbonate (5m1) was added. Some Na
2
CO
3 precipitated out 

but the suspension was stirred at room temperature for 30hr.. The hydrolysis 

appeared to be very slow (tic) and some 2-methylbenzaldehyde was produced 

during the reaction. Water (ca. 20m1) was added, and the product was extract-

ed into ether. The dried extract was evaporated to yield a pale yellow oil, 

which crystallized from petroleum (b.p.40-60'C) as white needles of 

benzocyclobutenol (130), m.p. 58-58.5'C, (0.10g150). 

ii)The acetate (crude materia1,5.475g) was dissolved in methanol (200m1), 

and Amberlite IR-120 (H) ion-exchange resin (washed with methanol and sucked 

dry at the pump, 36g) was added. The mixture was refluxed, with stirring, 

for 1.5hr., cooled and filtered. The resin was washed with more solvent, and 

the filtrate evaporated under reduced pressure to yield a colourless oil, 

which crystallized on standing. Recrystallization from petroleum (b.p.40-60'C 

yielded white needles of benzocyclobutenol, m.p. 58-591C(lit3om.p.58-91 C), 

(3.23g,80%). vmax  3250cm
1 together with distinctive bands in the range : 

1060-1210cm 1.S2.83(1H,slexchangeable D20)132.75-3.73(2H,ABq,split into an 

octet, J's=14,5,2Hz),65.20(1H,dd,Ps=5,2Hz),37.0-7.4(411,m). The ultra-violet 

spectrum showed end-absorption only. 

Reaction of benzocyclobutenol with maleic anhydride  

i)Benzocyclobutenol (0.05g) and maleic anhydride (0.042g) were dissolved in 

dry benzene (20m1) and were stirred together at room temperature for 2hr. 

No reaction was detected (tic). The mixture was then warmed to 35-40/C for 

lhr.; again no reaction was apparent, nor was any reaction detected on 

allowing the mixture to stand at room temperature overnight. On bringing the 

solution up to reflux for 84hr., however, the benzocyclobutenol was observed 

to slowly disappear, only a trace remained after this period had elapsed. A 

small amount of 2-methylbenzaldehyde was detected during the final 2hr.. On 

evaporation of the solvent, an oil was obtained whose infra-red spectrum 



S 

—143— 

showed vmax  (liquid film) 3500,1780,1720cm
-1, and was hence consistent with 

the structure of the lactone-acid (142)1. Trituration of the oil with 

dichloromethane/petroleum yielddia crystalline solid, m.p. 155-1641 C(lit.1  

m.p. 160-4'C), (0.046g,50%). 

Methylation of the lactone-acid (142) with diazomethane in ether/tetra-

hydrofuran at 0-5'C, yielded the methyl ester, m.p. 89-91'C, which proved 

t0 be identical in every respect (spectra,tic,m.p. and mixed m.p.) with an 

authentic specimen'. 

ii)Benzocyclobutenol (0.0625g) and maleic anhydride (0.0513g) were dissolved 

in dry toluene (20m1) and refluxed together for 51-hr. Tlc revealed the 

disappearance of benzocyclobutenol throughout the reaction period, and the 

production of a trace of 2-methylbenzaldehyde during the final 30min. Evap-

oration of the solvent to one half of its original bulk caused the depositio 

of crystalline material (0.09g,82%), of m.p. 130-1601 C, which appeared from 

its infra-red spectrum to be a mixture of the hydroxy-anhydride (141) and 

the lactone-acid (142). 

In a similar run, reflux was continued for 18hr. and pure (142), m.p. 163 

165'C, was obtained (0.093g,84%). max 1710,1780,2500-3500cm-1. 

Reaction of benzocyclobutenol with dimethylacetylene dicarbo:alate 

Benzocyclobutenol (0.0613g) and dimethylacetylene dicarboxylate (0.0788g) 

were dissolved in dry toluene (20m1) and refluxed for 4hr. until no alcohol 

remained (tic). Evaporation of the solvent yielded a white solid which was 

recrystallized from benzene/petroleum(1:1), to yield a mixture of 1,4-dihydr 

-2,3-dicarboxymethyl-l-naphthol (163), and its dehydration product 2,3-di-

carboxymethylnaphthalene (164), (0.10g,ca. 80%). A portion of the mixture 

(0.0861g) was refluxed in toluene (10m1) containing a trace of p-toluene-

sulphonic acid, for 2hr., yielding a single product (tic), isolated as a 

colourless oil which crystallized from eUier/petroleum(1:1), m.p.45-8'C, 

(0.067g,8%), identical in every respect with an authentic sample of 2,3- 

dicarboxymethylnaphthalone (164)1. 
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.yy2 26,1,.1 hy.11a1-Hdrox-ao totradronaPhthacene-L2,12-dione (165)  

Benzocyclobutenol (0.0615g) and 1,4-naphthoquinone (0.0830g) were dissolved 

in dry benzene (20m1) and refluxed, in a flask shielded from the light, for 

89hr. Some 1,4-naphthocuinone still remained at this time, but benzocyclo-

butenol could no longer be detected (tic) due to considerable streaking 

caused by the unstable product. No 2-methylbenzaldehyde was observed. Evap-

oration of the solvent to a slight extent induced crystallization of the 

product as white needles, m.p. 285'C(with sublimation), (0.108g,75%). Exam-

ination of the mother liquor by tic revealed that it contained a trace more 

product, together with a mixture of both of the starting materials. 

Recrystallization of the product caused no change in the melting point. The 

material was identified as (165) from the following evidence : 

vmax 1595,1690,3500cm-1.  Amax 223nm(36,000),253nm(9600),295nm(1,700). 

S2.66(111,d,J=6.5Hz,exchangeable D20),S3.0(1H,m),J3.5(3H,m)1/4.96(1H,dd,Ps. 

6.5,3.0Hz),67.0-8.10(8H,m). mie 278(weak),260(intense)1258(base peak),2301202j  

Found : C,77.47%;H,5.18%. C18111403  requires : C,77.70%;11,5.04%. 

Dehydration of (165)  

A sample of the hydroxy-dione (165) was refluxed in dry benzene with a trace 

of p-toluenesulphonic acid for 15min.. The solution was cooled and active 

manganese dioxide (excess) was added, and the mixture was stirred at room 

temperature for a few minutes. The Mn02  residues were filtered off and were 

washed well with chloroform to remove all of the product. Evaporation of the 

filtrate led to the isolation of a yellow solid which proved to be (tic) a 

single compound. Recrystallization from nitrobenzene yielded pale yellow 

needles of naphthacene-5,12-dione (166), m.p.288.5'C(lit.45m.p. 285'C). 

vmax 1680cm 1. A max(dioxan) 282nm(34,000),293nm(35,000)
1310nm(9,800),390nm 

(5,000). 

The quinone (166) dissolved in concentrated sulphuric acid producing a violet 

colouration, which was discharged on dilution with water, and the yellow 

crystals were redeposited. (166) was also produced on treatment of an ethan- 
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olio solution of (165) with dilute aqueous sodium hydroxide solution at 

room temperature, and the transformation appeared instantaneous in the 

ultra-violet spectrum. The oxidation of the initial product of dehydration 

proceeds readily in air under these conditions. 

Oxidation of (165)  

A sample of the hydroxy-dione (165) was stirred in dry benzene with excess 

manganese dioxide. The solution became immediately yellow in colour, and 

reaction appeared complete (tic) within I5min. at room temperature. The 

oxidant was filtered off, washing well with solvent. Evaporation of the 

filtrate yielded an orange;  crystalline solid, which exhibited max  1620, 

1680cm 1, together with weak, bonded 0-H absorptions. 

Recrystallization from xylene gave material of m.p. 294'0 which was in fact 

a mixture of two compounds (tic), of very similar polarity. The mass spectru, 

of the material showed peaks at m/e 274 and m/e 258; consistent with a mix-

ture of 6-hydroxynaphthacene-5,12-dione and naphthacene-5,12-dione (166). 

Reaction of benzocyclobutenol with 2-phenyl-5-oxonaphtho 1,8-bc furan (1621 

Benzocyclobutenol (0.122g) and (169) (0.254g) were refluxed together in dry 

toluene (40m1), in a flask protected from the light, for 7hr.. After evap-

oration of the solvent;  the two fluorescent products were isolated from 1:11,,,  

pale yellow residue by plc over silica gel, using chloroform as developing 

solvent. Some decomposition of both- components occurred on the silica gel, 

but the decomposition product amounted to only 0.016g(ca. 5%). The yields 

of the crude products were : least polar material, 33%; more polar material, 

45%; (0.121g and 0.164g respectively). 

The least polar component was recrystallized from benzene/petroleum (1:1), 

to m.p. 165-182'0(decomp.). The pure material was just off-white in colour, 

and fluoresced strongly under ultra-violet light. Tic examination of the 

pure sample still showed the presence of a feint trace of the decomposition 

product at slightly higher Rf, indicating that the fluorescent material 

was indeed unstable on silica gel. Tho spectral pronerties of the least 
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polar component were determined as follows : 

vmax 	
1, 	1k, 1670cm-1,3250cm kbroad),3525cm sharp).  

vmax (CHC1
3
) 1680,3500cm-1. Amami 274.5nm(20,130)1293.5nm(13,470),304.5nm 

(10,720),356nm(13,070). On basification, the ultra-violet spectrum changed 

immediately to A max 	 'A 245,303,335,396nm; and then subsequently to max  : 

254nm(ca. 70.000,313nm(21,600),336nm(20,600)1420nm(10,000). 

62.65-3.40(211,ABq,split into an octet,Ps=18,11.5,5.5Hz),63.70(1H,t,J=5Hz), 

64.00-4.30(111,m,Ps=11.5,5.5Hz),34.63(1H,d,J=11Hzlexchanges in D20), 

65.08(1H,dd,Ps=11Hz,5Hz;larger coupling disappears in D20),d6.80-8.00(12H,ri)  

le= 366; m/e 366(25%),349(46%),348(10G ),347(100),346(40%),331(2551,),319(19 

318(19%),289(49540)1248(32Q,247(100%). 

Found : C,81.73%;11,5.00%. C25111803  requires : C82.040;H,4.92;'',. 

This material was assigned the structure  -hydroxy-2btx,3,8,8aX-tetrahydro-

-2-Phenylnaphthaceno[1,12-bC]furan-9-one (171). 

The more polar component was crystallized from acetonitrile to m.p. 159-170'C 

(decomp.). Again the pure material was off-white in colour, and was strongly 

fluorescent under the ultra-violet lamp. A trace of the decomposition 

product was also visible on tic of the pure sample. 

vmax 1680,3460cm-1. vmax ( CHC13
) 1690,3200-3600cm-1. 

Amax 274.5nm(21,960,293.5nm(14,950),305(12,200),352nm(14,950). The ultra-

violet spectrum changed in exactly the same manner as the above on addition 

of base. 

S2.12(1141br s,exchanges in D20),32.55-3.34(2H,ABchsiolit into an octet,J's= 

18,11.5,5.511z),63.50(111,t,J=3-5Hz),S4.18-4.55(111,m,Ps=11.5,5-5,511z), 

£5.60(1H0),S6.80-8.00(12H,m). 

e= 366; m/e 366(1%),349(44M,348(100%),347(100%),346(35%),331(23%),319(17%' 

318(17),289(39%),248(9%),247(39A. 

Found : C,81.83%;H15.13%. C25H1803 requires : C,82.00/,;H,4.92%. 

This material was assigned the structure ae-hydroxy-21o56328,8W-tetrah:Taro-

-2-pherly1naphthaceno4i,12-bC]furan-9'-one (172). 
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Dehydration of (171) and (172)  

Samples of (171) and (172) were dissolved in ethanol (0.04g/50m1), and 

aqueous sodium hydroxide solution (2N,6 drops) was added to each. The sol-

utions became immediately yellow in colour, and after stirring at room 

temperature for 30min., yellow crystals were deposited, and were filtered 

off. The filtrates contained the same material (tic) and this was isolated 

by the addition of water followed by extraction into ether, washing the 

extracts with water and drying. Evaporation of the solvents yielded more of 

the yellow solid which was combined with the original material deposited 

and the samples were recrystallized from ethanol to M.D. 245tC0 The product 

was identical in both cases. Its solution in ethanol was pale yellow in 

colour, and exhibited green fluorescence. 

vmax 1665cm-1.  Amax 254nm(ca. 70,000),313nm(21,600),336nm(20,600),420nm 

(10,000). 

S7.40-7.80(8H,m),S7.90-8.20(4H,m)48.55(1H,$),69.02(111,$). 

Molecular weight (mass spec.)=346.0989; calculated for C25H1402= 346.0994. 

This material was also obtained through acid-catalysed decomposition of 

(171) or (172) on silica gel. It was identified as 2-phenylnaphthacenor1,12- 

bC]furan-9-one (173)  and was identical in every respect with an authentic 

specimen48. 

Oxidation of (171) and (172)  

Samples of (171) and (172) (ca. 0.04g) were separately dissolved in dry 

benzene (20m1) and were stirred at room temperature under nitrogen with 

active manganese dioxide (0.085g). After 15min. a product was detected in 

the solution of (171) whilst no reaction had occurred with (172). After 

stirring overnight, the same Product(s) were observed (tic) in both solution 

Addition of more Mn02 
to both solutions caused completion of the reactions 

in ca. 4hr.. The inorganic material was filtered off and washed well with 

solvent; the orange-coloured product appeared to be only very sparingly 

soluble in benzene. Evaporation of the filtrates led in both cases to the 
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isolation of an orange, crystalline solid (ca. 0.03g), m.p. 265-70'0, whose 

infra-red spectrum showed the following bands : v 	1575,1600,1630,1665cm
-/ 

max 
, 2550-3600cm-1kw). Closer examination of the tic of the materials confirmed 

that they were identical, but were in fact mixtures of two compounds of 

very similar Rf; the least polar of which appeared orange in colour, and 

the more polar, yellow. The mass spectra of the mixtures were identical and 

showed intense peaks at m/e 362 and m/e 346; consistent with the presence of 

(176) and (177). 

Methylation of benzocyclobutenol  

Benzocyclobutenol (0.994g) was dissolved in chloroform (or dichloromethane) 

(50m1) and methyl iodide (4.0g) and freshly prepared silver oxide (well-

washed and dried, 1.998g) were added. The mixture was stirred at room temp-

erature overnight, although the reaction appeared to be complete after only 

2-3hr.. The mixture was filtered, washing the silver salts well with more 

solvent, and the filtrate was evaporated under reduced pressure (cold bath). 

The product was obtained as a pale yellow oil (1.135g11000), which appeared 

pure (t1c,Ir,n.m.r.). A specimen was microdistilled at 20-21'C/0.25=J:1g. 

1-Methoxybenzocyclobutene (180) exhibited the following properties : 

vmax. (liquid film) 1210cm 1. 6-3.47(3H0),S2.91-3.57(2H,ABa.split into an 

octet,J1 s=1514,2Hz),X54.98(1H,dd,Ps=4,2Hz),cc7.27(4H,br s). 

Found : C180.17;11,7.56%.09H100 requires : C,80.55%;H,7.46%. 

The pure material was a colourless liquid which, however, rapidly became 

yellow on standing in air at room temperature. 

Methylation of benzocyclobutenol could also be carried out in dry dimethyl-

formamide with the same reagents at room temperature, but the reaction was 

complicated by the concurrent production of ca. 140 of 2-methylbenzaldehyde, 

through decomposition of benzocyclobutenol under basic conditions; and the 

work-up procedure was necessarily tedious in this case. 

Reaction of 1-methoxybenzocyclobutene with maleic anhydride  

1-Methoxybenzocyclobutene (0.132g) and maleic anhydride (0.096g) were 
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dissolved in dry toluene (40m1), and the solution was refluxed for 6hr.. 

A trace of the benzocyclobutene still remained (tic), but its intensity 

appeared constant over the last 1.5hr. of the reaction period. Evaporation 

of the solvent yielded a pale yellow oil (0.230g,100), which crystallized 

on standing. Recrystallization from ethanol yielded material of m.p. 134.5-

135.5'C. vmax  1780,1860cm-1. S3.13(3H,$)7,53.13-3.50(4H,4.76(1H,br a), 

S7.37(4H,$). S(C06)3.16(3H,$),S2.9-3.8(4H,m),S4.85(1H,d,J=3.0Hz),7.2-7.8 

(4H,m). Found : C,67.07;1115.240. C13111204  requires : C,67.25%;1115.17%. 

The adduct was hence identified as cis-C1 2 	"3 p -cis-C -1-methoxvtetralin-2 3- - g 
dicarboxylic anhydride (181). The material ran as a single band on tic on 

silica gel, in petroleum:ethyl acetate:acetic anhydride(l:l:trace) as dev-

eloping solvent system. 

Reaction of benzoc clobuten 1 acetate with  maleic anhydride  

i)Benzocyclobutenyl acetate (purified by column chromatography, 0.1698g) and 

maleic anhydride (0.1019g) were refluxed in dry toluene (40m1) for 48hr.. 

No reaction was detected by tic, but on evaporation of the solvent and 

examination of the n.m.r. spectrum of the residue, it was observed that 

approximately 10;" conversion to an adduct had occurred, by comparison of 

the intensities of the signals of the methine protons in the benzocyclobutenz 

acetate remaining (65.90,dd) and that in the product 06.09,t). 

ii)Benzocyclobutenyl acetate (0.1747g) and maleic anhydride (0.1022g) were 

mixed together and heated on an oil bath at 180'C for 4hr.; some of the 

benzocyclobutenyl acetate tended to reflux out at this temperature so that 

some remained at the end of the reaction. The excess starting material was 

removed by trituration of the residual oil with light petroleum, and the 

solid which remained was crystallized from ethanol to yield a single compounc; 

(tic,silica gel : petroleum:ethyl acetate:acetic anhydride; 1:1:trace), 

m.p. 128-131'C. vm57  1240,1725,1745,178091840cm 1. S1.98(3111s),S3.10-3.65 

(4H,m),S6.09(1H,distorted triplet),67.10-7.50(4H,m). 

6(C6D6)1.40(3H,$),S2.40-3.10(4H,m),S5.90(111,d,J=4.3Hz),S6.64-7.35(4H,m). 
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M = 260; Found C,64.37%;H,4.64%.  C14H1205  requires : C164.60%;H,4.62;L. 

The adduct was identified as cis-ClIC2-cis-C2,03-1-acetoxytetralin-2,3-  

dicarboxylic anhydride (183). 

Benzocirclobutenone (185)  

Benzocyclobutenol (0.998g) was dissolved in dichloromethane (50m1) and was 

stirred at reflux with manganese dioxide (15g) for 2-3hr., until no starting 

material could be detected (tic). The reaction was strongly dependent upon 

the activity of the sample of Mn02 
used and it was frequently necessary to 

remove spent oxidant by filtration and replace it with fresh material to 

allow completion of the oxidation. The inorganic material was then filtered 

off and washed well with more solvent. Evaporation of the filtrate led to 

the isolation of benzocyclobutenone as a colourless oil (0.90g,90%), which 

was pure (tico.m.r.) and was not redistilled before use. 

vmax(liquid film) 1755,1775=-1.6-4.00(211,$),S7.40(2H,m),,S7.56(211,m). 

Benzocyclobutenone ethylene acetal (184)  

i)Benzocyclobutenone (0.143g) was treated in dichloromethane (3m1) with 

ethylene glycol (2.5m1) and boron trifluoride diethyl etherate (ca. 0.5m1) 

at room temperature for three days. The reaction mixture was worked-up by 

addition of saturated sodium bicarbonate solution, followed by extraction 

with more dichloromethane. The extract was washed with water and dried. 

Evaporation of the solvent (cold bath) yielded a pale yellow oil whose infra 

red spectrum still showed the presence of carbonyl bands, and whose n.m.r. 

spectrum, whilst consistent with the expected acetal, showed that ca. 15% of 

the starting material remained. 

ii)Benzocyclobutenone (0.150g) was dissolved in dry benzene (25m1) and 

treated with ethylene glycol (1m1) and a trace of P-toluenesulphonic acid. 

The solution was brought to reflux under a Dean and Stark separator for 

3hr.. The mixture was allowed to cool and was washed with saturated NaHCO
3 

solution, then with water and dried. Evaporation of the solvent yielded pure 
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acetal 	(0.185g,95%). vmax(licluid film) 1265cm-1. 

S.3.57(211ss),S-4.16(4Hys),g7.3(4H,br s). 

Treatment of the acetal (184) with dienophiles 

i)Tho acetal (184) (0.074g) and maleic abhydride (0.043g) were heated tog-

ether in toluene (20m1) for two weeks, at 1101 C. No reaction was detected. 

The solution was stirred with an equal volume of dilute (2N) hydrochloric 

acid at room temperature. Benzocyclobutenone was produced, but none of the 

expected Diels-Alder adduct was detected. 

ii)The acetal (0.097g) and dimethylacetylene dicarboxylate (0.07g) were 

refluxed in toluene (20m1) for 30hr.. Some decomposition of the dienophile 

was observed (tic), but again, no Biels-Alder addition was detected. 

The solvent was evaporated and was replaced by xylene (20m1). The solution 

was brought to reflux (1401C) for 24hr., having added more dienophile (0.1g). 

Decomposition of the acetal function was evident from the production of 

benzocyclobutenone (tic), but analysis of the reaction mixture was complic-

ated because of the products of decomposition of dimethylacetylene dicarb-

oxylate. Treatment of the solution with dilute acid yielded more benzocyclo-

butenone, but no addition products were observed (tic comparison with 

authentic samples1). 

1-Phenylbenzocyclobuten-l-ol (186)  

To a solution of phenylmagnesium bromide in dry ether (0.686g bromobenzene, 

0.105g Mg, 20m1 ether) at 0-5IC, under dry nitrogen, was added a solution 

of benzocyclobutenone (0.412g) in dry ether (15m1). The suspension was 

allowed to warm to room temperature and was stirred for 211r.. Cooling again 

to 10'CI  work-up was achieved by the careful addition of cold, saturated 

ammonium chloride solution (25m1). After further stirring for 30min., the 

phases were senarated and the aqueous phase extracted with more ether. The 

extracts were combined and washed with water (xl) before drying. Evaporation 

yielded a pale yellow oil (0.710g), from which the desired product was 

separated by plc on silica gel, using chloroform as developing solvent. The 
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product was obtained as a pale greenish oil, which crystallized with some 

difficulty (0.467616%), m.p. 68-9'C(lit5  m.p. 72-3'C). Recrystallization 

from petroleum (b.p. 40-60'C) caused no change in the m.p.. 

vmax 1205,3325cm-1. 62.7(1H,s,exchangeable in D20)'S3.53(2H1s),S7.1-7.5(9H,m 

The ultra-violet spectrum showed no evidence of an eouilibrium concentration 

of the dienol (186a) : X ax 216,247(sh)1253(sh)/259.5,266,272.5nm. 

Treatment of a sample of (186) with sodium methoxide in methanol52  yielded . 

2-methylbenzophenone. 

1-Hydroxy-l-Phenyltetralin-cis-2,3-dicarboxylic acid-X-lactone (1871 

1-Phenylbenzocyclobuten-l-ol (0.025g) was refluxed in dry toluene (5m1) with 

maleic anhydride (0.0125g). After 30min. some 2-methylbenzophenone was 

detected (tic), but after lhr., a second product was evident at the origin 

(tlelsilica/CHC13). After 4,1,-hr. none of the benzocyclobutenol could be 

detected and the solution was allowed to cool. Nhite crystals (0.0116g) were 

deposited and were filtered off. The filtrate was evaporated to yield a 

solid residue which was recrystallized from a little toluene to produce a 

further 0.0188g of the same material. The samples were combined and dried 

thoroughly in vacuo; yield 0.028g,75. m.p. 180-19d(decomp.), (lit53 m.p. 

182-4'C,decomp.). The infra-red snectrum appears somewhat anomalous (as ' 

reported53) because the crystals tend to occlude the solvent : 

v 	before thorough drying, 1705,1790,2500-3300cm-1. 
max 

max after drying, 1730,1765,3220cm-1. No isomerisation occurs on drying as 

methylation of a sample of both materials with diazomethane yielded the 

same methyl ester. 

,.<3.33(3H,br s),,C3.60(111,br s),456.60(1H,d,J=8Hz),,S7.0-7.5(8H0),S7.65(1H1br s 

exchanges in D20). Occluded toluene is visible in the n.m.r. spectrum of 

non-dried samples. 

The mother liquors from the crystallizations contained only maleic anhydride 

and 2-methylbenzophenone. 

In another run, a five-fold excess of maleic anhydride was employed, with 
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the result that no 2-methylbenzophenone was detected during the first 3hr. 

of the reaction time, and the total amount produced constituted less than 

5% of the reaction products. Separation of the adduct from excess maleic 

anhydride was difficult, however, so that the isolated yield of (187) was 

not greatly improved. 

Thermal decomposition of 1-phenylbenzocyclobuten-l-ol (186)  

The alcohol (0.024g) was refluxed in toluene (10m1) under dry nitrogen, in 

a flask shielded from the light, for 6Ihr.. No starting material remained 

and only a single, less polar product was detected (tic) which corresponded 

to 2-methylbenzophenone (direct comparison). max  (CC14) /668cm-1. 

S2.33(3H,$),(57.2-7.9(9H,m). 

In a similar run, the alcohol (0.043g) was refluxed in dry toluene (12.5m1) 

bubbling a stream of dry air through the solution. Decomposition appeared 

to be more rapid and several minor by-products in addition to 2-methylbenzo-

phenone were detected (tic). No anthrone, anthracene or anthraquinone were 

present, as determined by direct comparison with authentic materials. 

Close examination of the n.m.r. spectrum of the crude reaction mixture 

revealed the presence of bands in the region 54.9-5.9(ABq,J=1611z) consistent, 

with the structure of the peroxide (314). 

Another run was carried out under the same conditions as the above, but the 

flask was simultaneously irradiated with a 300w tungsten lamp. No anthracene 

derivatives were again detected, and the decomposition proceeded in the same 

manner viz. the major product was 2-methylbenzophenone and the peroxide (314: 

was also detected. 

Liethylation of 1-phenylbenzocvolobuten-l-ol  

The alcohol (186), (0.022g) was added in small portions to concentrated 

sulphuric acid (ca. 1m1) at 0-5'C, with stirring. An orange colour was 

immediately imparted to the solution which darkened, on addition of all of 

the solid, to red-brown. Then all of the material had dissolved, methanol 

(A.R., 5m1) was added with rapid stirring. The colour of the solution was 
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immediately discharged; the mixture was poured into water (ca. 20m1) and the 

product was extracted into ether. The extracts were washed with water (x2), 

dried and evaporated. The oil obtained (0.023g) appeared to be a mixture of 

two compounds of similar polarity (tic), but both very much less polar than 

the starting material. The major component was isolated by plc on silica gel 

(10ILacetone/petroleum) to yield 1-methoxy-l-Phenylbenzocyclobutene (0.0165g, 

70'), as a colourless oil. vmax  (CC14) 109011120cm 1. S3.30(3H,$),,S3.22- 

73.80(2H,ABq,J=1411z),,57.2-7.4(9H1m) Amax  252.5(sh),259.5,2661272.5nm. 

Thermal decomposition of 1-motho.x -1-phenylbenzocyclobutene (191) 

The ether (191), (0.012g) was heated as a dilute solution in toluene (25m1) 

at 110'0 for 24hr.. Evaporation of the solvent yielded an oil which appeared 

as four bands on tic (silica/CliC1
3
). The major band was identified and rec-

overed as starting material (0.009g,75%). The decomposition products con-

sisted of two, close-running, non-polar, fluorescent materials; and a very 

small amount of non-fluorescent material, more polar than the starting 

material. The two fluorescent compounds were separated (plc) and the least 

polar of these (ca. 0.001g) proved to be the major decomposition product, 

and was identified as 9-methoxyanthracene (192)57, from its ultra-violet 

spectrum, and by direct comparison with -an authentic specimen. 

A ax 248.5(sh),255.5,349.01390nm. m 

9-Methoxyanthracene (192)  

Anthrone (0.05g) was dissolved in the minimum volume of boiling ethanol (2m1)  

and two drops of dilute (2N) sodium hydroxide solution were added; the sol-

ution became orange in colour. Dimethyl sulphate (two drops) was then added, 

with stirring, and the orange colouration was discharged. Sodium hydroxide 

was again added to produce the orange solution (anthranol), followed by 

dimethyl sulphate to effect the methylation. The procedure was repeated, 

warming as necessary, until no further colouration was obtained on addition 

of base. White solid was deposited, together with some yellow, oily material, 

towards the end of the reaction. Cooling the mixture in ice yielded an off- 
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white solid, which was filtered off and washed with dilute NaOH solution, 

NaHSO
3 

solution (to remove any anthraouinone), and water, before drying and 

crystallization from ethanol. 9-Methoxyanthracene was obtained as pale yellol 

crystals (o.04g/78%), m.p. 91-4,c(iit57 m.p. 94)C). Tic showed the presence 

of several minor impurities but the sample was satisfactory for comparison 

purposes. 

Reaction of 1-methoxy-l-phenylbenzocyclobutene with maleic anhydride  

The ether (191), (0.014g) and maleic anhydride (0.006g) were refluxed tog-

ether in dry toluene (2m1) for 6?hr.. Evaporation of the solvent yielded 

an oil which crystallized at the pump (0.02g,100%). Recrystallization from 

ethanol produced white needles m.p. 203-6IC. vmax (CHC13
) 1780,1850cm

1
. 

S3.0(3H,$ ) ,S3.3-3.9(4H,m ) ,67.2-7.6(9H,m). 
Found : C,74.20 ;H,5.28%. C19H16

0
4 

requires : C,74.00%;H,5.20%. 

The product was tentatively identified as 1-methoxy-1-phenyltetralin-cis-2,3- 

dicarbo lid anhydride 

No 9-methoxyanthracene was detected in the crude reaction product. 

1-W lbenzocvolobuten-l-o (194) 

To dry magnesium turnings (0.130g) and a small crystal of iodine in dry 

tetrahydrofuran (1m1) was added two drops of a solution of vinyl bromide 

(ca. 1m1) in dry tetrahydrofuran (1m1), maintaining an atmosphere of dry 

nitrogen in the apparatus. The flask was heated to 50IC('Drikold'Acetone 

condenser) to initiate the reaction, and then the source of heat was removed 

as the remainder of the halide solution was added. The magnesium dissolved, 

and a brown-black solution was obtained. The solution was allowed to cool 

slowly to room temperature over 30min., and then was cooled in an ice/salt 

bath to -5'C, whereupon the Crignard reagent began to crystallize out. A 

solution of benzocyclobutenone (0.200g) in tetrahydrofuran (5m1) was slowly 

added at -5-0IC. A pinkish colouration was produced; the solution was stirre, 

at OIC for V1hr., after which time, no starting material could be detected 

on working-up a small aliquot of the mixture. The reaction mixture was coole 
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to -30'C, and cold, saturated ammonium chloride solution was slowly added. 

The pink colour was immediately discharged and the work-up was exothermic. 

Ether was added (ca. 20m1) and the mixture was allowed to warm to O'C before 

rapidly separating the phases, extracting the aqueous phase with more ice-

cold ether, combining the organic extracts and washing (xl) with water (01 C) 

and drying them in the refrigerator. The solvents were evaporated under 

reduced pressure on a cold water bath, yielding a colourless oil (0.242g, 

100%), whose n.m.r. spectrum showed that it consisted of 70% of the desired 

product, and 30% of 0::-tetralone(identified by comparison with an authentic 

sample). The crude product was stored in the refrigerator, and small amounts 

of the desired material were obtained as required, by rapid thin layer 

chromatography on silica gel; 15%acetone/petroleum as developing solvent. 

1-Vinylbenzocyclobuten-l-ol (194) exhibited the following characteristics : 

vmax (liauid film) 3400cm
-1. 62.22(1H,s,exchanges in D20)53.1-3.64(2117ABg, 

J.14Hz),g5.12(1H,dd,J 1 s=9,1.8Hz),S5.33(1H,ddlPs=16,1.8Hz),S6.0-6.5(1H9dd, 

Ps=1619Hz),457.24(4H9m). 

The alcohol proved too unstable in air to analyse correctly for C 1011100'  but 

was in fact characterised as its Diels-Alder adduct with maleic anhydride, 

see below. 

Thermal decomposition of (194)  

A purified sample of /-vinylbenzocyclobuten-l-ol (0.012g) was dissolved in 

dry toluene (10m1) and was heated at 110IC for 30min., after which time none 

of the starting material could be detected (tic), and the major decompositior 

Product appeared at higher Rf  and gave a very characteristic pink-orange 

colour with Brady's reagent. The solvent was evaporated to yield a yellow 

oil which exhibited the following spectral properties : 

vmax(liquid film) 1603,1680cm-1
. S1.9-2.36(2H,quintet,J=6Hz),S-2.66(2H,t,J=611, 

d5-2.97(2H,t,J=6Hz),57.15-7.65(3H1m),S8.10(1H,m). No strong aryl methyl signal 

was detected. This compound was identified as '1-tetralone (195) by direc-L 

comparison of its properties with an authentic specimen. 
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447-Tetralone (195)  

4-Phenylbutyric acid (0.200g) was added to polyphesnhoric acid (3m1, excess) 

at room temperature, and the mixture was warmed for 10min. at 100'C, stirrin 

as soon as the medium became sufficiently mobile; the starting material 

rapidly dissolved. After allowing the mixture to cool slightly to 60'C, 

ice-water was added with rapid stirring, and the product was extracted into 

ether. The extracts were washed with sodium bicarbonate solution, followed 

by water, dried and evaporated to yield a pale yellow oil (0.171g,967";), 

whose spectral properties were identical to those reported above. The sample 

were also identical on thin layer chromatography. 

2-Methylacrylophenone (196)  

2-Methylacrylophenone was prepared by the action of vinylmagnesium bromide 

on 2-methylbenzaldehyde in dry tetrahydrofuran, under standard conditions, 

followed by oxidation of the carbinol so obtained with active manganese 

dioxide in refluxing dichloromethane for lhr.. The ketone was isolated as 

a yellow oil, and exhibited the following spectral characteristics : 

vmax (liquid film) 1665cm-1. 4.12.38(3H,$),S5.98(111,dd,J 1 s=10,1.8Hz),56.15(1H, 

dd,Ps=18,1.8Hz)0C6.6-7.1(1H,ddlPs.18,10Hz),S/.3-7.6(4H1m). 

The material was recovered unchanged after heating for lhr. at 110'C in • 

toluene. 

Reaction of 1-vin;rlber_zocrclobuten-1-ol  with maleic anhydride  

The vinyl carbinol (194), (0.035g) was dissolved in chloroform-d (ca. 1m1), 

and maleic anhydride (0.024g) was added. The solution was sealed in an n.m.r. 

tube and, after recording the spectrum of the mixture, the tube was heated 

at 110'C for 30min.. The n.m.r. spectrum then showed that the benzocyclo-

butenol was completely absent, and the bands remaining were consistent with 

a mixture of an adduct (65%),<=tetralone (35%) and excess maleic anhydride. 

Heating for a further 30min. caused no change in the composition of the 

mixture. Evaporation of the solvent yielded an oil which slowly crystallized.1  

Trituration of the material with light petroleum (b.p. 40-60'C) yielded a 
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buff solid (0.03g,500 whose spectral characteristics were consistent with 

the structure of 1-vin,l-cis-C C -cis-C C 	3-dicarbo- 

tone (2121. v 	1700,1775,2500-3400c.
-1  . .)3.3(4H,m),S5.60(IH,ad,Ps=10,21-1:1:) max 

S'5.77(111,dd,Ps=16,2Hz),S6030(1H,dd,Ps=16,10Hz),6-7.30(411,br s), OH band not 

detected. 

Recrystallization from ethanol yielded material of m.u. 179-184'C. 

Found : C ,68.60;H 	C14H1204  requires : C,68.80;';H,4.92;% 

1-Yethylbenzocyclobuten-l-ol (200a)  

To a solution of methylmagnesium iodide, prepared from magnesium turnings 

(0.052g) and methyl iodide (0.308E) in dry ether (10m1) was added slowly, 

at 0-10,0, a solution of benzocyclobutenone (0.179g) in dry ether (10m1), 

under dry nitrogen. The mixture was stirred continuously and allowed slowly 

to warm to room temperature (ca. 20min.). Cooling in ice once again, the 

reaction was worked-up in the usual manner with saturated INTH4C1 solution(20m 

Stirring was continued at 5'C for 30min. before extraction with ether, wash-

ing the extracts with water and drying. Evaporation of the solvent yielded 

a colourless oil which slowly crystallized (0.172g,85%). Recrystallization 

from petroleum (b.p. 40-60'C) gave white needles m.p. 79-80'C(lit52  . m.n.80-1 

Vmax 3350cm-1. gCC14)1.55(3H,$)5S-2.67(1H,br s,exchangos in D20)43.20(211, 

ABci,J=14Hz),S7.14(4H,br s). 

1-Ethylbenzocyclobuten-l-ol (200b) was similarly prepared_ by the action of 

ethylmagnesium bromide upon benzocyclobutenone in ether. The yield of the 

carbinol was 90, m.p. 40-41'C (from petroleum). vmax  3300cm 1. 

g1.0(311,t,J=7Hz),6-1.87(2H,distorted q9J=7Hz),62.67(1H,s,exchanges in D20), 

63.19(2HIABg,J==l4Hz)967.2(4H,$). 

Reaction of (200a) with maleic anhydride  

1-Kethylbenzocyclobuten-l-ol (0.067g) and maleic anhydride (0.049g) were 

refluxed together in dry toluene (20m1). After 24hr. a feint trace of 2- 

methylacetonhenone was detectable (tic) but no other signs of reaction were 

apparent. After 144hr. tic revealed that the alcohol had almost completely 
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disappeared and, in addition to 2-methylacetoDhenone, a fairly intense spot 

was observed at the origin (t1c,silica/CHC13). Evanoration of the solvent 

yielded a pale oil which slowly crystallized. The n.m.r. spectrum of the 

crude product revealed the presence of approximately 33% of 2-methylaceto-

phenone. Recrystallization of the product from toluene yielded white needles 

m.p. 183-4'C, (0.081g,70%). Further recystallization caused no change in 

the m.p. although the material tended to sublime at ca. 156-1801 C, if heated 

slowly. This comnound was assigned the structure 1-methyl-cis-C C -cis-

C C —2  3-dicarboxy-l-tetralol-K-lactone (200,R=CH3). 

v ax 1705,/770,2500-3600cm-1. 6-(CDC13/DMSO-d6)1.85(3H,$),S-3.08(1H,$),S-3.18(3 m 

s),07.05-7.50(4H,m),§7.60-8.50(br band,exchanges in D20,1H). The benzylio 

and bridgehead protons could not be resolved. 

Found : C167.19%;11,5.28%. C13 H12  04 
 reauires : C,67.25%;H,5.17%. 
 - 	• 

An analogous reaction occurred over 7days at 1101 C between 1-ethylbenzocycl 

buten-l-ol and maleic anhydride, leading to (200,R=C2H5), and 2-methyl-

propiophenone. 

Methylation of 1-methylbenzocyclobuten-l-ol  

The alcohol (0.06g) was stirred at room temperature in dichloromethane (5m1) 

with excess methyl iodide and fresh, dry, silver oxide (0.120g) for 5hr.. 

No starting material remained after this period. The inorganic material was 

filtered off and washed well with more solvent. Evaporation of the filtrate 

yielde the methyl ether (202), as a colourless oil (0.069g,100). 

- 1 vmax(CC14) 1098,1200cm . o(CCI4
)1.57(3H,$),S-2.84-3.54(2HIABQIJ=15n), 

S-3.20(3H,$),S7.15(4H,m). 

Found : C,81.58 %;H,7.55 	
C1011 

120 requires : C,81.10;H,8.11%. 

1-Ethylbenzocyclobuten-l-ol was methylated quantitatively. also, under ident-

ical conditions, to yield (203). 

Thermal decomposition of (202)  

The ether (202), (0.060g) was dissolved in carbon tetrachloride (0.5m1) and 

the solution was sealed in an n.m.r. tube. The tube was then heated in 
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refluxing chlorobenzene (130'C), for a total period of 30hr., removing the 

tube and recording the n.m.r. spectrum of the solution at intervals of 3hr.. 

New resonances were evident after only 3hr., atc5-2.30(3H9s)43.64(3H 1s), 

g-4.12(1111d,J=2Hz),g4.24(1H,d,J=2Hz), + aromatic resonances, consistent with 

the production of the methyl enol-ether of 2-methylacetophenone (204). 

These resonances intensified throughout the reaction period, according to 

first-order kinetic dependence on the starting material concentration. Some 

2-methylacetophenone also appeared throughout the reaction, also apparently 

with first-order kinetic dependence on the concentration of the starting 

material, and its appearance seemed to be concurrent with the production of 

a band in the n.m.r. spectrum which was attributable to methyl chloride, but 

the mechanism of this side reaction is not clear. The ratio of the products 

after 30hr. was determined as 75% (204) : 15% 2-methylacetophenone : 10;10 of 

unchanged starting material; no other product was detected. The enol-ether 

(204) proved to be unstable to isolation by plc on silica gel, leading to 

2-methylacetophenone as its major decomposition product, as would be expected 

In a similar experiment, the ether (203) was heated in hexadeuteriobenzene 

in a sealed n.m.r tube at 130'C. Smooth production of the enol-ethers (205a, 

205b) was observed; no ketone was detected in this solvent. The ratio of 

the isomers was determined as 6070:4010, and their structures were assigned 

on the basis of their n.m.r. spectra : Se(C06), (205a) :611.55(3111d,J=7Hz), 

c(2.37(3H,$),05.43(3H,$),S-4.77(1H,q,J=THz), 	aromatic resonances (4H); 

(205b) 	51.93(3H,d,J=7Hz),g2.40(31-1,$),53.22(3111s)714.89(1H,gy,T=7Hz), 4- aro- 

matic resonances (4H). These materials also proved unstable to isolation by 

plc with respect to 2-methylpropiophenone. 

Reaction of 1-methoxy-l-meth lbenzocyclobutene 202 with maleic anhydride 

The ether (202), (0.065g) and maleic anhydride (0.044g) were dissolved in 

benzene-d6 (0.75m1) and the solution was sealed in an n.m.r. tube. The spec-

trum of the mixture was recorded and the tube was then heated, as above, in 

refluxing chlorobenzene (130'C) for periods of 3hr.. After the first 3hr. 
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new resonances were observed in the n.m.r. spectrum, the intensities of the 

starting material bands having decreased. After a total period of 30hr. at 

130'C, the experiment was terminated, when the resonances due to the pro-

duct(s) had remained constant in intensity for 3hr.. Evaporation of the 

solvent yielded a colourless oil (0.108g,100,L) which slowly crystallized. 

The material was recrystallized from ethanol, causing no change in its 

spectral properties. The product ran as a single band on tic on silica gel, 

using petroleum:ethyl acetate:acetic anhydride (1:1:trace) as developing 

solvent. vmax 1770,1845cm-1. tr(C06
)1.53(s,intense),c51.67(s,weak).10(s, 

weak),S2.30(s,intense),S-2.10-3.30(m),S7.0(m). The relative intensities of 

the singlets at 6-1.53 and n.67; and 6-2.30 andtc200 were determined as 

ca. 75:2%. Found : C768.135;11,5.615. C14111404  requires : C,68.301,;H,5.70;,. 

This data was consistent with a mixture of the isomeric adducts (206) and 

(208). None of the enol-ether (204) was detected in the reaction mixture. 

The preparation was carried out with the following modification of the 

literature procedure : 

Sodium hydride (505', mineral oil dispersion, 19.2g) was stirred in dry toluene 

(50m1) under dry nitrogen, and a solution of (l-)menthol (31.2g) in toluene 

(150m1) was slowly added, at room temperature. The mixture was warmed until 

reaction began to occur (70-80'C), and was maintained at this temperature 

until effervescence ceased (ca. 3-4hr.). After cooling to room temperature, 

a solution of chloroacetic acid (17.5g) in toluene (200m1) was slowly added, 

with efficient stirring to maintain the precipitated salt in a finely divided 

form. The suspension was then reheated to 80'C, and was stirred at this 

temperature for 24hr.; more toluene was added as necessary to maintain 

mobility. The mixture was cooled, and water (200m1) was cautiously added. 

After stirring for a further 30min., the phases were allowed to separate, and 

the toluene phase was dicarded. The aqueous phase was extracted with ether(xl 

before acidification (conc. hydrochloric acid). The product was extracted 
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into ether (x3) and the extracts combined and washed well with water. Evap-

oration of the dried extracts yielded a pale yellow oil (29.4g,76), which 

would not crystallize even after distillation, but a sample treated with 

diazomethane and examined by g.l.c. was of good purity, and contained no 

chloroacetic acid (CH3  ester). 

- v 	(liquid film) 1130,1720(br)12500-3400cm
1  . max 

g0.7-2.5(18H,m),6-3.2(1HIsextet,CH-OR)K54.14(211,s,OCH2CO2),SI.7(1H,s,exchange-

0z122D =._ in 1020,C0 	. 211) 	82'(c=1,Et0H); (lit.c<D=-91.5') 

/2-)Menthoxvacetyl chloride  

The acid chloride was prepared by addition of the acid (5g) in a little dry 

benzene to thionyl chloride (redistilled, 15g),  at 25-40'C, and the solution 

was then heated in an oil bath at 50'C for 3hr.. The volatile materials were 

removed under reduced pressure, and the residue was used without further 

purification. vmax(liquid film) 1800cm
1, no OH". 

Benzocyclobutenyl (1-)menthoxyacetates (228)  

Benzocyclobutenol (0.603g) was dissolved in dry pyridine (ca. 1g), and 

(1-)menthoxyacetyl chloride (2.48g) was added, with cooling. The mixture 

was stirred at room temnerature for 24hr.. The orange solution was poured 

into water and extracted with ether. The extracts were washed successively 

with dilute HC1 (x2), saturated NaHCO
3 
(xl) and water (x1), before drying. 

Evaporation of the solvent yielded a brown oil (ca. 2.5g) which was chrom-

atographed over silica gel (CHC1
3
) to obtain the least polar material, as a 

colourless oil (1.04g,68). The polar coloured materials which remained 

contained no aromatic protons in their n.m.r. spectrum. 

The product exhibited the following properties : 

vmax (co14
) 113o,1725,1755cm-1. 

c50.7-2.5(18H,m),S302(1H,sextet),S3.1-3.9(2H,ABq,split into an octet,J's=15, 

4,211z),S4.2(2H,$),S-6.0(1HIddlPs=4,2Hz),15-7.3(4H,br s). 

Thin layer chromatography over silica gel in 100acetone/pe troleum, revealed 

the presence of a trace impurity, which was isolated and identified from its 
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ir.o.m.r., and mass spectra as 1,11-dibenzocyclobutenyl ether : 

vax 	
r (CC14 

	
1 ) 1200cm . 63.3-3.8(411,ABq 	P split into an octet,s=14,412Hz), 

m  

S5.85(2H,dd,Ps.412Hz),67.2(8H,$). M+= 222. 

Rechromatography of the (1-)menthoxyacetates yielded analytically pure 

material : Found : C,75.82%;H,8.78 	C20H2803 
 requires : C,76.0 ;H,8.86;. 

cq5= -68'(c.1,CHC13). 

Extensive tic examination did not separate the diastereoisomers, and the 

material could not be induced to crystallize. 

Hydrolysis of benzocyclobutenyl (1-)menthoxvacetates  

A sample of the esters (228), (0.270g) was dissolved in dry methanol (50m1) 

and was stirred at room temperature for 3 days with Amberlite IR-120 (H) 

ion-exchange resin (well washed with methanol, 5g). Some starting material 

remained at this time, but considerable amounts of benzocyclobutenol and 

methyl (1-)menthoxyacetate were detected (tic). The alcohol was separated 

from the mixture by plc, to yield white crystals m.p. 58-9'C (0.07g) which 

were optically inactive. 

Benzocyclobutenyi hydrogen phthalate (229)  

Phthalic anhydride (0.623g) was dissolved in dry pyridine (5m1) at room 

temperature, and benzocyclobutenol (0.505g) was added. The solution was 

stirred at room temperature for 18hr.(overnight), when an aliquot removed 

and diluted with hydrochloric acid (2N) contained no benzocyclobutenol (tic) 

Work-up was carried out by Pouring the mixture into excess dilute hydro-

chloric acid, extracting (x2) with dichloromethane, washing the extracts 

with water (xl) and drying. Evaporation of the solvent yielded a colourless 

oil (1.05g) whose tic examination showed an intense band at the origin 

(silica/CHC1
3
)
' 

together with a trace of benzocyclobutenol. The oil crystal-

lized very slowly and on trituration with cold petroleum, white crystals-

of benzocyclobutenyl hydroen phthalate (229), (0.809g,72%) were obtained, 

free from starting material. A sample was recrystallized from petroleum 

to m.p. 112-3'C. vm,,c  1690,1725,2500-3500cm-1. •.53.3-4.1(2H,ABq,split into 
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an octet,Ps=16,4,2Hz),S6.35(1H,ddlPs=4,2Hz),67.35(5H,mo-br OH band), 

67.5-8.2(411,m). Found : C,71.80-;;;H14.58. C16111204  requires :C171.60",;11,4.4E1; 

In another run, the reaction was carried out using 2.1g of benzocyclobutenol 

and 3.0g(ca. 1.2equivalents) of phthalic anhydride, and extending the react-

ion time to 48hr.; improving the yield to 4.14g(8%.). 

Resolution of benzocyclobutenol 

Benzocyclobutenyl hydrogen phthalate (4.Og) and brucine (5.9g) were diss-

olved together in boiling ethanol (60m1) and the hot solution uas filtered. 

The filtrate was allowed to cool undisturbed in the refrigerator for 3 days, 

whereupon large, dense, circular platelets were deposited. These were care-

fully filtered off and rinsed with a little cold ethanol. The crystals 

weighed approximately 7g.. The material was recrystallized twice more from 

ethanol, each time allowing the solutions to cool very slowly over 2 days. 

The brucine salt was obtained as beautiful white needles, m.p. 121-127IC, 

(4.0g,4). The mother liquors from the first two crystallizations were 

combined and evaporated to yield a non-crystalline foam (6g). 

The crystalline salt (4.Og) was stirred briefly at room temperature with 

excess dilute (2N) hydrochloric acid, and the liberated phthalate ester 

was extracted into dichloromethane. The extracts were washed with dilute 

HC1, and then water, before evaporation to yield (+)-benzocyclobutenyl 

hydrogen phthalate (1.64g,10), as a colourless oil which slowly crystal- 

lined. ce D 	+8.51(c.3.5,CHC13). 

To lithium aluminium hydride (1.2g) in dry ether (75m1) was added, with 

stirring, under dry nitogen at 20-25'C, (+)-benzocyclobutenyl hydrogen 

phthalate (1.64g) in dry ether (75m1). Effervescence was observed, together 

with an exothermic reaction. When the addition was complete, the suspension 

was stirred at room temperature for a further 2hr.. Work-up of an aliquot 

showed the presence (tic) of much of the desired product benzocyclobutenol, 

together with a feint trace of 2-methylbenzaldehyde. The bulk of the reactio 

mixture was worked-up by the cautious addition, at 10TC, of saturated 



-165— 

ammonium chloride solution to PH=7, followed by extraction of the products 

into ether (x3). The extracts were washed with water, dried and evaporated, 

to yield a colurless oil (1.0g), which contained (n.m.r.) benzocyclobutenol 

(66%), and oe,50-dihydroxy-o-xylene ( 4.71,$). No significant other products 

were detected. Tic confirmed the presence of benzocyclobutenol together 

with some more polar material. The pure alcohol was obtained by plc on 

silica gel (CHC13), as a colourless oil (0.560g,75%), which crystallized on 

seeding with a crystal of racemic material. The melting point of a recrystal 

lized sample was recorded as 45-521 C, compared with 58-59'C for racemic 

alcohol. The specific rotation of (+)-benzocyclobutenol was determined as 

28 
ccio  = +60qc=1,CHC13). 

Effect of temperature on (+)-benzocvclobutenol 

i)It was noted that recrystallization of (+)-benzocyclobutenol from boiling 

petroleum(b.p.40-60'C) caused no decrease in the specific rotation. 

ii)(+)-Benzocyclobutenol (0.02g) was dissolved in dry benzene (1.25m1) and 

the solution was sealed in an n.m.r. tube. The n.m.r. spectrum was recorded 

(6-0.0-5.0), and then the tube was heated in refluxing toluene (112'C) for 

periods of 30min., cooling the tube rapidly after each period to quench the 

reaction. The n.m.r. spectrum of the solution was recorded before opening 

the tube and recording the optical rotation of the solution. The material 

was returned to the tube, resealed, and the experiment was continued. 

Figure (VI) showS the rate of decrease in optical rotation of the solution 

compared with the rate of production of 2-methylbenzaldehyde. It can be 

seen that the rate of decrease in optical rotation is perhaps slightly 

faster than the rate of isomerisation to the aldehyde, implying that the 

starting material racemises at a rate faster than the rate of its decomp- 
a 

ositionlbut, as there is some considerable error involved in the measurement 

of the concentration of the aldehyde from the n.m.r. spectrum, this result 

cannot be considered conclusive. 

A similar result was obtained over several days at 80'C. 
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Methylation of (+)-benzocyclobutenol 

Methylation proceeded quantitatively with methyl iodide/silver oxide in 

dichloromethane at room temperature, as described previously for the racemic 

alcohol. The methyl ether was isolated as a colourless oil, whose specific 

rotation was determined 	 = asoP - 4-381(c=2G6H6) D 

Effect of temperature on (+)-1-methoxybensocyclobutene  

Samples of an approximately 2;10 solution of (-0-1-methoxybenzocyclobutene in 

dry benzene, were sealed in n.m.r. tubes, after recording their optical 

rotation. The tubes were heated at respectively 82'C,1121 C and 130'C for 

short periods, ensuring that they were rapidly cooled after each period to 

quench the reaction. After each period, the n.m.r. spectrum and optical 

rotation of each solution was recorded before resealing each in its tube and 

continuing the experiment. 

Results  

i)Anart from some slight broadening of the n.m.r. signals, due presumably to 

the occurrence of some polymerisation, none of the samples decomposed to an 

extent greater than 5%, as evidenced by their n.m.r. spectra, throughout the 

duration of each exneriment. 

ii)Figure (VII) shows the rates of decrease in optical rotation of the 

solutions at 82'C,112'C,130'C. 

iii)Figure (VIII) shows plots of ln(c0/ct) vs. time (t), where c0  and ct  are 

respectively, the concentrations of the optically active starting material 

at the start of each experiment and at time = train.. Since for the first-

order reaction : ct
= cO

e kt, these plots are linear and pass through the 

origin. The rate constants (k) are determined directly from the slopes. 

iv)Since the variation of the rate constant (k) with temperature ('K) is 

given by : k=Ae
-E/RT the activation energy (E) may be found from a plot of 

ln(k) vs. the reciprocal of the absolute temperature (1/T); of which the 

slope is -E/R. Such a plot is to be found in figure (IX). 
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Reaction of (-0-1-methoxybenzocyclobutene with maloic anhydride  

(+)-1-methoxybenzocyclobutene (0.032g) and malefic anhydride (0.024g) were 

dissolved in dry benzene (1.5m1), and, after recording the optical rotation 

of the solution,- it was sealed in an n.m.r. tube, as in the previous exper-

iments, and the tube was heated for short periods at 112'C. The reaction 

was followed polarimetrieally, and by n.m.r. spectroscopy as before. 

Figure (X) compares the rate of dissa:mearance of optical activity with the 

rate of product formation. It may be seen that the former rate is the same 

in the absence of the dienophile (cf. figure(VII),B). After 5-hr. the exper-

iment was terminated and the solvent evaporated to yield a crystalline 

residue. The product was recrystallized from ethanol to yield pure material, 

m.p. 134-5'C, identical in every respect to that prepared from racemic 

1-methoxybenzocyclobutene (viz. 232), and was optically inactive (c=1.31CHC1 

Reaction of benzocyclobutenol with N-phenylmaleimide  

Benzocyclobutenol (0.125g) was heated in refluxing toluene (40m1) with 

N-phenylmaleimide (0.178g) for 5hr.. Evaporation of the solvent led to the 

quantitative recovery of a solid residue which contained traces of both 

starting materials (tic). Recrystallization from aqueous ethanol yielded 

white crystals of N-phenyl-cis-1,2-cis-2,3-1-hydroxytetraiin-2,3-dicarbox-

imide (233), (0.248g,83%). m.p. 163-5'C. 

vmax 1700,1760,3450cm-1. 62.8-3.6(4H,m)43.75(1H,d,J=10Hzlexchanges in D20), 

S4.9-5.2(1H,br band;appears as a distorted doublet after D20 exchange,J=5Hz) 

aromatic resonances (9H). 

Found : C173.79;1115.20f4N14.7T% C H 0 N reouires C,73.7%;H15.12;N,4.78 18 15 3 	- 

With acrylonitrile  

Benzocyclobutenol (0.064g) was refluxed in toluene (20m1) with acrylonitrile 

(4-fold excess) for 6hr.. Evaporation of the solvent yielded a pale yellow 

oil (0.099g,1005), which appeared pure (tic) except for a trace of 2—methyl-

benzaldehyde. Plc (silica/20acetone/netroleum) yielded analytically pure 

material, tentatively assigned the structure (236). vma„c(liquid film) 2275, 
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3450cm 1. g1.7-2.5(2H,m),S-2.6-3.2(3H,m),S3.5(1H,br.s,exchanges in D
20)5 

g4.8(111,distorted doublet,J=61is),,f,7.0-7.5(4H,m). Irradiation of the proton 

at S3.0 caused the resonance at 14.8 to collapse to a singlet, consistent 

with the structure (236), but not with the 3-cyano isomers (235). 

Found : C,76.03%;H,6.645;;N97.94%. 01,11110N requires : C,76.25%;H,6.350;N,8.1 

Methylation of a sample of this adduct with methyl iodide/silver oxide in 

dry dichloromethane at room temperature over 48hr., produced, however, two 

isomeric methyl ethers, in the ratio 70:301,, which were identical in every 

respect with (237) and (238), respectively. 

Reaction of 1-methoxvbenzocyclobutene with acrylonitrile 

1-Methoxybenzocyclobutene (0.134g) was heated in dry toluene (40m1) at 110'C 

with a 3-fold excess of acrylonitrile, overnight. Evaporation of the solvent 

yielded an oil and a small amount of solid material (0.165g). The solid 

appeared to be polymerised acrylonitrile. A sample of the oil was chromatog-

raphed over silica gel, developing with laacetone/netroleum, and was re-

solved into two components; the least polar being isolated as a colourless 

oil (0.067g), and the second as white crystals (0.029g). The materials were 

identified from their n.m.r. spectra as 1 -methoxy-2 -cyanotetralin_LaILI 

and 1 -methexy-2 -cy-anotetralin (238). The compounds exhibited the following 

properties : 

e 
(237): vmax(CC14) 1090,1105,2270cm 

1 
 6 . 1.8-2.6(2H,m),S2.8-3.4(3H9m)5(33.50(3H1 

s),g4.47(1H,d,J=511z)Ig7.25(4H,m). Irradiation of the signal at X53.24 caused 

the signal at S4.47 to collapse to a singlet. 

Found : C,75.666;H,6.7%;N,7.26%. C12H13
011 requires :C , 77 .0Z ;II , 6 • 95%01, 7 . 49c,; 

(238): m.p. 76-7'gfrom petroleum). vmax(CC14) 1105 12270cm 1. 6.2.0 -2.7(2H,m)1  

6-2.75-3.3(3H1m),n.56(3H,$),S4.24(111,d,J=4Hs).25(41-1,m). Irradiation of 

the signal at 03.20 caused the signal at 84.24 to collapse to a singlet. 

Found : C,76.74-;H,6.84%;Ns7.32;% C12H13
0N requires:C,77.00;11,6.95;1I,7.49;", 
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1-Chlorobenzocyclobutene (255a)  

Benzocyclobutenol (0.240g) was dissolved in a mixture of Pyridine (0.160g) 

and dry ether (ca. 5m1). The solution was cooled to -10'C, and thionyl 

chloride (0.120g) in a little dry ether was added dropwise. An exothermic 

reaction occurred and pyridine hydrochloride was deposited. Then the addition 

was complete, the solvent was removed under reduced pressure (cold bath) and 

the residue was treated with excess thionyl chloride (ca. 1m1) and was 

heated under reflux at 70'C, on an oil bath. All of the solid material rap-

idly dissolved. After ca. 30min., a sample removed and diluted with ether 

showed (tic) the presence of a very non-polar product, and no starting mat-

erial was detected. After lhr. the mixture was allowed to cool, ether was 

added, and, cooling in ice, the mixture was treated with water to decompose 

excess thionyl chloride and to dissolve up the salts. The product was extrac-

ted into more ether, the extracts were washed with water (x1), dried and 

evaporated to yield an oil (0.260g) which was purified by dissolving in a 

little dichloromethane and filtration through a pad of activated charcoal 

and anhydrous sodium sulphate; evaporation of the filtrate yielded colourles 

material (0.255g192 	1.5580; 5580; (lit1440  1.5593) 

cf(CC14)3.30(1H,dd,Ps=14,2Hz),6.82(1H,dd,Ps=14,4Hz)5-5.27(1H,dd,Ps.4,211z), 

c5.20(4H,m). 

1-Thiolacetoxybenzocvelobutene (2521 

1-Chlorobenzocyclobutene (0.225g) was dissolved in dry dimethylformmide (5m1 

and stirred with potassium thiolacetate (0.185g) under nitrogen, overnight. 

Some potassium chloride was deposited but tic revealed considerable amounts 

of the starting material remaining. After 48hr. very little change in the 

composition of the mixture was detected, but the reaction was worked-up by 

the addition of water (ca. 10m1) and extraction of the products into 

petroleum (b.-0.40-60'C), (x3). The extracts were washed with water, dried 

and evaporated to yield a strong-smelling oil (0.260g), whose n.m.r. spectru2: 

showed that it was a mixture of the starting material (75%) and the desired 
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product (25%), together with a trace of a third material which also containe 

a thiolacetoxy group. Plc on silica gel (5%acetone/Petroleum) led to the 

recovery of unchanged 1-chlorobenzocyclobutene (0.150g) and 1--thiolacetoxy-

benzocyclobutene  (2511, (0.062g), as a slightly slower running band. The 

more polar minor product was not isolated. 

A sample of the desired material was rechromatographed : 

vmax (liquid film) 760,1130,1690cm 1. 

S2.33(3H,$),4g3.09(1H,dd,Jts=14,2Hz),S3.80(111,dd,Ps=14,5Hz)M.13(1H,dd, 

Jts=5,2Hz),S7.26(4H,br s). 

Found : C,68.32%;H,5.57 il. C10H100S 
 requires : C,67.50%;H,5.62%. 

Reaction of 1-thiolacetoxybenzocclobutene with maleic anhydride 

1-Thiolacetoxybenzoyclobutene (0.04g) and maleic anhydride (0.022g) were 

refluxed together in dry toluene (10m1). After ca. 12hr. a product could be 

detected (tic), but much starting material remained. After 35hr., the reac-

tion mixture was examined by n.m.r spectroscopy, which revealed that Diels-

Alder addition had proceeded to the extent of ca. 50%. The mixture was again 

brought to reflux in toluene for a further 30hr., before evaporating the 

solvent to yield a pale yellow oil which slowly crystallized. The n.m.r. 

spectrum of the crude product showed that some starting material still re-

mained (confirmed by tic), but only a single product was- detected. The mat-

erial was crystallized from ethanol as white platelets m.p. 154-61C. 

vmax 1690,1770,1835cm-1. 

12.41(311,$),S2.9-4.0(4H,m),I5.15(1H,distorted trinlet),c5.3(411,m). 

Found : C,60.82%;H,4.47%;S,11.42%. C14
II
12
0
4
S requires:C,60.90%;H,4.35%,S.116 

The n.m.r spectrum proved to be precisely analogous to that recorded for 

the adduct between 1-acetoxybenzocyclobutene and maleic anhydride (viz. 183), 

so that the above product was assigned the structure (256). 
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6-Bromopiperonal ethylene acetal (22/1 

Piperonal was brominated according to the method of Robinson to afford 

6-bromopiperonal, m.p. 127-129'C (lit. m.p. 129'C). 

The bromo-aldehyde (20g) was dissolved in dry benzene (200m1), together with 

ethylene glycol (8.0g) and a trace of p-toluenesulphonic acid. The solution 

was brought to reflux under a Dean and Stark separator for Mr., when no 

further water was produced. The mixture was cooled and washed with saturated 

NaHCO
3 

solution, then water, and, after drying, was evaporated to yield a 

colourless oil which solidified on cooling in ice, or on seeding. The 

acetal (257) was obtained as white crystals m.p. 68-69'C (23.8g,96%). 

The infra-red spectrum showed no carbonyl band. 

6.4.0(4H,$),65.86(1H,$),S5.96(2H,$),c57.0(2H,br s). 

7-Hydroxy-4,5-methylenedioxy-2-(3,4-methylenedioxyphenyl)Phthalan (259)  

The Grignard reagent of 6-bromopineronal ethylene acetal (5.44g) was prep-

ared in dry tetrahydrofuran (35m1) under dry nitrogen at 50'C, by the use of 

the entrainment procedure with 1,2-dibromoethane (3.873g) and magnesium 

turnings (0.962g;2 equivalents). To the Grignard reagent was added, at roo-n 

temperature, piperonal (2.303g;0.75 equivalents) in dry tetrahydrofuran (232 

An exothermic reaction was observed, together with precipitation of a solid. 

The mixture was stirred, under nitrogen, for 3ihr. before adding ether (20m1) 

followed by saturated NH401 solution, cooling in ice to moderate the reactix 

The organic phase was separated, and the aqueous phase extracted with more 

ether (x3). The combined organic extracts were washed with water, dried, and 

evaporated to yield a brown-yellow oil (7.4g), which was unstable to tic 

on silica gel and resisted crystallization. Its infra-red spectrum was 

consistent with the structure (258), although weak carbonyl bands were 

evident, due presumably to partial decomposition of the acetal function. 

The crude carbinol (258), (7.0g), was dissolved in benzene (150m1) and was 

stirred vigorously with dilute (2N) sulphuric acid (200m1) at room temper-

ature for 24hr.. The phases were separated, and the aqueous phase washed witl 
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benzene (x2). The organics were combined and washed with saturated NaHCO
3
, 

water, and dried. Evaporation yielded a brown oil whose infra-red spectrum 

was consistent with a mixture of the desired phthalan (259), and the ring-

opened hydroxy-aldehyde (260). 

v 	(liquid film) 1260,1690,2900,3050,3450cm 1. max 

The n.m.r. spectrum supported this evidence : S5.85(4H,2s),S-6.0(1H,$), 

6-6.35(1H,br s)16-6.5-7.3(5111m)rE9.8(1Hls),n.5(1H,br band,exchanges in D20). 

u5L-Hathylenedioxy-2-(3,4-methylenedioxyphenyl)phthalide (261)  

The mixture of (259) and (260) obtained as above (4.5g) was dissolved in 

acetone (150m1), and a solution of potassium dichromate (log) in 0.6N 

sulphuric acid (250m1) was quickly added, stirring rapidly. No noticeable 

rise in temperature was detected; the solution became very dark in colour 

and an oily precipitate formed. Benzene (200m1) was added and the mixture 

was stirred vigorously until no more material remained undissolved. The 

phases were separated, and the aqueous phase extracted with more benzene (x2) 

The combined organic extracts were washed with saturated NaHCO
3 

and water, 

before drying and evaporating to yield a red-brown gum which solidified on 

trituration with ether. The infra-red spectrum of the solid was consistent 

with the aLthalide (261). Hecrystallization from methanol yielded material 

of m.p. 146-147'C, (2.0g,44;",  from piperonal). 

vmax 1760cm-1.  Amax 
 223nm(29,000),245nm(8,000,261nm(6,300),293nm(8,500), 

308nm(5,700).S.6.03(2H,$),g6.20(2H,$),56.23(1H1s)56.6.66-6.90(4H,m),S7.30(111, 

Found : C,63.96;H,3.63%. C1611
10
06  requires : C,64.40;f,;H,3.366/,. 

6-(324-nethylenediozybenzyl)piperonylic acid  (2621 

The phthalide (261), (1.0g), was hydrogenolysed over 	palladium on charcoal 

(0.250g), in glacial acetic acid at room temperature and atmospheric pressurc 

for 24hr.. The reaction proceeded more rapidly if the solution was warmed to 

50-60'C. When the requisite ountity of hydrogen had been absorbed, the 

catalyst was filtered off through a bed of °elite, and was washed with more 

solvent. Evaporation of the filtrate under reduced pressure yielded the 
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carboxylic acid (262), as a white, crystalline solid of excellent purity, 

(0.95g1955). Recrystallization from benzene yielded material of m.p. 190-0C 

Am ax max 
 1680,2500-3400cm-1  . A 	243nm(8,900), 258nm(6,600),260nm(81900). 

6-(CDC13/DMSO-d6)4.23(2H,$)A.88(2H1s),S-6.00(2H,$)16-6.67-6.70(4H,m),g7.30(1175_ 

no carboxylic OH visible. 

Found : C,64.12';;H14.17%.C16H 1206  requires : C ,64.40-:;H,4.00%. 

6-(314-I.Iethylene-dioxybenzyl)niueronylic acid ethyl ester (262a)  

Esterification of the acid (262), (3.0g), was carried out in refluxing 

ethanol (200m1) containing acetyl chloride (10m1; ca. 3 solution of HC1), 

for 48hr.. ITO starting material could be detected (tic) after this period. 

The solvent was evaporated under reduced pressure to yield the ethyl ester  

(262a), as a crystalline solid (3.1g,93%). 

Recrystallization from ethanol yielded pure material, m.p. 79'C. 

max 	m 1700cm 1. X ax  223nm(28,000),265nm(8,100),291.5nm(8,960). 

61.30(3H,t,7=7Hz),S4.23(2H,q,J=7Hz),S4.20(2H,$)16.5.83(2H,$),g5.93(2H,$), 

g6.57(4H,m),S7.30(1H,$). 

Found : C,65.93%;H14.915. C18H1606  requires : C165.90%;H,4.88%. 

6-(3,4-Methylenedioxybenzyl)pireronyl alcohol  

Lithium aluminium hydride (0.153g) was suspended in dry ether (20m1) under 

an atmosphere of dry nitrogen. The ethyl ester (262a), (0.409g), in dry 

ether (40m1) was then slowly added, with stirring, at 101 C. No temperature 

increase was observed so that the mixture was allowed to warm to room temp-

erature, continuing the addition. The suspension was then stirred for 

when no ester could be detected in a small aliquot removed and worked-up, 

and examined by tic. The bulk of the mixture was worked-up by the cautious 

addition, at 10'C, of saturated potassium sodium tartrate solution (50m1), 

followed by stirring for lhr. at room temperature, separation of the phases, 

and further extraction with ether in the normal way. The combined extracts 

were washed with water and dried. Evaporation of the solvent( reduced preseurc 

on a cool bath, yielded a white, crystalline solid m.p. 109-110'0 (0.340g996 
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identified as the desired alcohol. Recrystallization from benzene/petroleum 

(1:1) caused no change in the m.p.. 

vmax 3400cm-1.  Xmax  239nm(8,700)
1290nm(81100). 

61.60(1H,br s,exchanges in D20)106-3.80(2H,$),S4.50(2H,br s,sharpens in D,0), 

.S5.76(2H,$)14:5.80(2H,$),(6.46,6.5016.75(511,3s). 

Found : 0,6T.06;11,4.94%-C16H1 405  requires : C,67.20;11,4.89% 

643,4-Nethylenedioxybenzyl)piPeronal (123)  

The alcohol (0.5g) was oxidised with activated manganese dioxide (6g) in 

dichloromethane (100m1) at room temperature, under dry nitrogen, for 1-1-:hr.. 

No starting material was detected (tic) at this time. The product appeared 

as a much less Polar band which reacted readily with Brady's reagent. A trace 

of a slightly more polar material contaminated the desired product, possibly 

due to slight over-oxidation. The inorganic material was removed and washed 

well with solvent. Evaporation of the filtrate yielded the aldehyde (123)  

as white crystals m.p. 120-121'C (0.48g,96%), which was generally used 

without further purification. The material was stored in the dark, under 

nitrogen. Recrystallization from ethanol caused no change in the m.p.. 

vmax 1680cm-1. max 237nm(21,400)/293nm(8,900),321nm(5,700). 

64.25(2H,$),c55.90(2111s).02(2H,$),S-6.6016.6717.33(5H,3s),610.09(1H,$).,  

Found : C,67.4E5;1I,4.38 . C16H1205 requires : C,67.60r);11,4.20. 

Photolysis of 6-(3,4-methylenedioxybe _ 

i)The aldehyde (0.142g) and dimethylacetylene dicarboxylate (0.085g) were 

dissolved in dry tetrahydrofuran (25m1) and irradiated through silica 

apparatus for 50min.. No aldehyde remained. The solution was transferred to 

a flask, rinsing with a little tetrahydrofuran as necessary, and was refluxed 

for 30min. with a trace (ca. 0.01g) of p-toluenesulPhonic acid. The solvent 

was removed under reduced pressure to yield a greenish residue, which was 

taken up in dichloromethane and washed with a saturated solution of NaHCO
3' 

water, dried and evaporated, leading to a yellow-brown oil, which was 

chromatographed over silica gel (10acetone/benzene). The major product was 
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isolated as a bright, flourescent band, 2,3-dicarboxymethy1-6,7-methvlene-

dioxy-1-(3,4-methylenedioxyphenyl)naphthalene (272), which was recrystallize 

from ethanol to m.p. 215-218'C (1it76m.p. 216'C), (0.061g,30;10 from (123)). 

vmax 1725cm 1. g3.67(3H,$),J-3.93(3H,$),S6.07(4H,$),S-6.87(4Hlm)14:77.23(1H9s)9 

S8.40(1H,$). 

ii)A similar irradiation was carried out on the aldehyde (123), (0.284g) 

and dimethylacetylene dicarboxylate (0.170g) in tetrahydrofuran (50m1), but 

work-up was carried out as follows : 

The crude product in tetrahydrofuran was stirred, at room temperature, under 

nitrogen, with activated L1n02  (3g) for 2hr.. The spent oxidant was filtered 

off, and the filtrate evaporated to yield a brown oil which was chromato-

graphed over silica gel (101,acetone/benzene). The major, fluorescent band 

was removed and crystallized as pale yellow needles of 222-d r.71- 

, m.p. 189-1  

192'C (from Et0H), (0.120g,28% from (123)). 

max 1660,1730,2700-3600cm1. 
 Xmax 239nm(2l,500),270nm(sh,39,200),276nm 

(401800)1300(sh,129800),314nm(89700)9347nm(3,000),356.5nm(3,250). 

6(acetone-d6)3.50(3H,$),S3.90(3H,hr s),g.00(2H,$),S-6.10(2H,$)$56.6-7.0(4H,m 

S7.60(1H,$); no OH signal detected. 

Found : C,62.565;H,3.85 . C22111609  requires : C,62.26 ;H,3.7%. 

Reduction of the naphthalene (272)  

The diester (272), (0.03g), was dissolved in a mixture of dry ether and 

tetrahydrofuran (7m1) and was slowly added to a suspension of lithium 

aluminium hydride (0.060g) in dry ether (5m1) at room temperature, under dry 

nitrogen. The mixture was stirred for 30min. before adding saturated 23II4C1 

solution at 10'C. The mixture was stirred for a further 30min., followed by 

extraction with ether, washing the extracts with water, drying and evapor-

ating the solvents. 2,3-Dihydroxymethy1-6,7-methylenedioxy-1-(3 4-methylene-

dioxyphenyl)naphthalene (273), m.p. 183-5'C (lit.
76 

 m.p. 185-71 C), was ob-hainel 

as white needles, (0.028g,100%). v 	3400cm-1. g3.23(2H,br slexchanges in max 
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D20),g4.59(2Hys),S4.83(2H5.97(2H,$),S-6.03(2H1s),(5-6.60-7.40(5110), 

4:7.63(111,$); identical with that reported in the literature77. 

Oxidation of the diol (273)  

The diol (273), (0.028g), was dissolved in dry benzene (25m1) and was ref- 

/ luxed, with stirring, with silver carbonate on celite reagent78  0.700g), 

under a Dean and Stark separator for 40min.. The reagent became rapidly 

black in colour and no alcohol could be detected (t1c;silica gel/Et0Ac: 

petroleum:Ac2'  O. 1:1:trace). The products were observed as two, close-running, 

fluorescent bands (under U.V.), at Reca. 0.6. The hot solution was filtered 

and the filter pad washed well with more benzene. Evaporation of the filtrate  

yielded a white crystalline residue (0.028g,10Z), whose n.m.r spectrum 

indicated that it was a mixture of Justicidin E (85%), and Taiwanin C (155). 

6-5.20(2Hx85%,s,CH200O3Justicidin E),S5.37(2Hx1551sICH200O3Taiwanin C), 

S-6.09(4H,$),A.7-7.4(5H1m),S7.70(111x15,s;Ha  Taiwanin C),S8.27(1Hx85 ,s, 

Ha Justicidin E). 

As reported in the literature79  this mixture proved extremely difficult to 

separate by preparative tic or by fractional crystallization; however, a 

small amount of each isomer was obtained pure by repeated chromatographic 

separations on thin silica gel plates using the solvent system indicated, 

above. 

Justicidin E : m.p. 270-271'C (lit?'79m.p. 265-9'C;270-271'C). (114)  

1,  348.0636;020111206 requires M
4- 

348.0634 

This was the least polar isomer. 

Taiwanin C (115) was the more polar isomer and was compared directly with 

an authentic specimen of the natural material10. 

.+ 	 + 
1.1 348.0629; 020 H12 06  recuires M 348.0634  - 

2-Methy1-3-hydroxymethy1-4-(3.4-methylenedioxypheny1)-6,7-meth7lenedioxy-

naphth-l-ol (266)  

The diester (264), (0.120g), in dry tetrahydrofuran (10m1), was added to a 

stirred suspension of lithium aluminium hydride (0.25g) in tetrahydrofuran(n 
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at room temperature. The mixture was heated to reflux for 2hr. before 

cooling and working up in the normal manner. The naphthol (266) m.p. 183-4'C, 

(from aqueous ethanol) was obtained as white crystals (04095g,95). 

max 3200-3600cm 1. S(acetone-d6)2.60(3H,$),S4.57(2H,br s),S-6.10(2H,$), 

56.15(2H,$),56.6-7.1(4H,m),P.6(1H,$); no OH signals detected. 

Found : C,68.00%;1114.69'' 
i" C20111606 requires : C,68.20 ;H,4.55'. 

The same product was obtained by carrying out the reduction at 10/C. 

Action of sodium borohydride on the diester (264)  

The diester (264), (0.060g), was stirred in methanol (A.R.,10m1) and treated 

at room temperature with sodium borohydride (3x0.5g) over 4hr.. No reaction 

was detected (tic) until the first portion of sodium borohydride had diss-

olved. Hork-up was carried out by the addition of dilute hydrochloric acid 

at 101 C to p1I=2-3, followed by extraction with ether. The extracts were 

washed with water, dried and evaporated to yield a white solid (ca.0.100g) 

which appeared to contain boron (green flame test), and whose infra-red 

spectrum showed only broad bands and weak carbonyl absorption. The material 

was treated directly with dilute hydrochloric acid for 30min. and the 

products extracted into dichloromethane. Evaporation of the dried extracts 

yielded white crystals which no longer contained boron (0.06g). It is of' 

interest that tic examination of the sample both before and after acid 

treatment showed the same product distribution. Crystallization of the 

material from acetone yielded the major product as white needles (0.031g,60), 

which sublimed at 292/C. The mother liquors contained several minor products, 

none of which appeared to be the 'retro'-isomer (271), from examination of 

the n.m.r. spectrum of the mixture. Traces of the anhydride (269) were 

obtained after chromatography of the mother liquors (silica gel/Et0Ac: 

potroleum:Ac20; O. 1:1:trace). 

The major product exhibited the following spectral characteristics : 

v x  a1720,3200cm1.A  max 230nm,263nm(sh),270nm,290nm(sh),308-315nm(plateau), m  

322nm1355nm. ,r(DKSO-d6)5.30(2H,$),56.06(2H,ABq,J=ca.13Hz)v56.11(2H,$) 
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g6.6-7.0(4H,m),S7.58(1H,$); no OH signal detected. 

if 364. 

The material was identical in every respect with a sample of natural 

Taiwanin E (116)10'11; the apparent discrepancy between the reported melting; 

point (263-7'C) and our own was resolved by studying the behaviour of the 

authentic specimen on the Kofler block, which proved to be identical to 

that of the synthetic sample. 

DehydroPodonhyllotoxin (276)  

The aldehyde (104) was photolysed with dimothylacetylene dicarboxylate 

in tetrahydrofuran and worked-up oxidatively in the manner described by 

Dr. 1=iellows
1. 2,3-Dicarboxymethy1-6,7-methylenedioxy-1-(3,4,5-trimethoxy-

phenyl)nachth-4-ol (277) was crystallized directly from the crude reaction 

mixture in 253 yield. The diester (277), (0.047g), was treated with sodium 

borohydride in methanol in the manner described above for (264), ensuring 

that the borate complex was completely hydrolysed before extraction of the 

products, by stirring the acidified reaction mixture for at least 30min.. 

Crystallization of the crude reaction product from ethanol yielded 

dehydr000dophyllotoxin (276 (0.028g,6n, m.p. 263-851C(1it4 m.p.286-288tC, 

variable with rate of heating). v 	1760,3200-3600cm-1  . max 

max 226nm(30,000)1263nm(38,000),269nm(sh,37,000),312(sh,8,000),323(9,500), 

355nm(5,000). gacetone-d6)3.73(9H,$),E5,29(2ii,$),(6.06(2H,$),S6.50(2110), 

S6.91(1110),E7.57(1H,$); no OH signal detected. 

Found : C564.315;H14.487.,. C22 H18 08 
 reouires : C,64.40 ;H,4.40;). 
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2-Benzylbenzaldehyde (282)80  

2-Bromobenzoic acid was converted to the acid chloride in refluxing thionyl 

chloride for lhr.. 

2-Bromobenzoylchloride (17g) in benzene (ca. 100m1) was treated with finely 

powdered aluminium chloride (anhydrous, 30g), cooling in ice-water to mod-

erate the reaction. After the initial reaction had subsided, the mixture was 

stirred at room temperature for lhr. when tic showed that conversion was 

complete, although the literature80 requires reflux for lhr.. The mixture 

was poured on to ice and the phases were separated. The aqueous phase was 

further extracted with ether, the organic extracts were combined and washed 

with NaHCO
3 

and water before evaporation to yield 2-bromobenzophonone (20g, 

100). vmp,(liquid film) 1670=-1. g7.35-7.95(9H5m)._ 

Zino wool (30g) was shaken for 30min. with mercuric chloride solution (3g in 

60m1 H20), and the amalgam so obtained was washed by decantation. To this 

was added 2-bromobenzophenone (19g) and concentrated hydrochloric acid (10Dd 

and the mixture was refluxed for 24hr.. The product was extracted into 

dichloromethane and the extracts were washed with water. Evaporation yielded 

2-bromodiphenylmethane (283), (17g194). S4.12(2H,$),57.0-7.65(9H,m). 

The diphenylmethane appeared reasonably pure to tic and distillation at' 

1751 C/20mm.Hg caused some decomposition and was not worthwhile. 

The Grignard reagent of 2-bromodiphenylmethane (4.0g) was Prepared by 

standard procedures in dry ether (20m1) at reflux. Triethylorthoformate (2.D, 

was added at 40'C. No reaction occurred. The solvent was allowed to evaPorat 

and the residue was heated to 120'C, under dry nitrogen, when a vigorous 

reaction ensued and the mixture became semi-solid. The temperature was 

maintained at ca. 100'C for a further lhr. but no additional reaction was 

apparent. The flask was allowed to cool and ether was added, followed by 

saturated Nil
4
C1 solution at 10-151C. The normal work-up procedure led to 

the isolation of a yellow oil (4.0g) which although smelling strongly of 

triethylorthoformate, contained 2-benzylbenzaldehyde diethyl acetal (n.m.r.) 
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The crude product (4.0g) was dissolved in ether (100m1) and was shaken at 

room temperature with an equal volume of dilute sulphuric acid for 24hr.. 

From the organic phase, 2-bonzylbenzaldehyde was separated by treatment with 

saturated aqueous sodium metabisulphite solution overnight. The white crystal 

of the bisulphite addition complex were filtered off and washed well with 

ether. Free 2-benzylbenzaldehyde (0.65g,20A was obtained by dissolving the 

bisulphite complex in a little water, adding excess solid sodium carbonate, 

and extracting with dichloromethane. vmax(lieuid film) 1680cm
-1
. 

S.4.43(2H,$)1 7.15-8.0(9H,m),E10.33(1H,$). 

Irradiation of 2-benzylbenzaldehyde (282) 

The aldehyde (282), (0.190g), and malefic anhydride (0.095g) wore dissolved 

in dry acetone (40m1) and were photolysed under the normal conditions throe;,t-: 

pyrex apparatus for 1j-2hr. when very little aldehyde could be detected (tic) 

Evaporation of the solvent yielddd a non-crystalline foam (0.30g) whose 

infra-red and n.m.r spectra were consistent with the presence of the hydroxy 

anhydrides (284): 'max  1780,1850,3200-3600cm-1.6-3.4-4.0(2H,m),S4.2-4.8(2E, 

m, 	broad band which exchanged in D20),S4.95-5.25(1H, 2 doublets,Ps.ca.5:-Iz, 

and 41iz,unfield doublet predominant),S7.0-7.7(9H,m). 

The material resisted crystallization and was unstable to tic on silica gel, 

Heating the mixture in toluene at 1101C for lhr. produced new bands in the 

infra-red and n.m.r. spectra consistent with thermal isomerisation to 

the lactones (285) : vmax1700,1780,2500-3400cm i.g-3.25(2H,m),(.54.55(1H,broad 

band),S5.50(1H,br s),S7.0-7.4(911,m),(0,76(broad  band,exchanges in D20,1ii). 

No anhydride absorption remained in the infra-red spectrum. 

The lactones (285) also were not obtained crystalline and proved to be too 

polar in nature for facile chromatographic separation. Methylation of the 

mixture was carried out with diazomethane in ether/tetrahydrofuran at room 

temperature and two isomeric methyl esters were obtained which were easily 

separated by plc on silica gel using 15"40acetoneipetroleum as developing 

solvent. In a second experiment, irradiation of the aldehyde (282), (0.440r) 
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and maleic anhydride (0.220g) was carried out under the same conditions, but 

the subsequent steps were performed without isolation of the intermediates. 

After chromatography, some of the aldehyde (282), (0.058g) was recovered, 

and the two isomeric methyl esters were obtained in good yield : 

The major isomer (0.238g140) was the more polar material under the conditi-:,1 

used for the separation, and was identified as cis-1,2,3,4-2-earboxymethY1-  

-3-carboxy-4-Pheny1-1-tetalls1=L122IoneL2961 on the basis of the following 

evidence : vmax(CC14) 1740,1790cm
-1. S-3.33(2H,two singlets),g3.72(3K,$), 

(14.58(1H,d,J=5Hz),S5.51(1H,$),J-6.8-7.3(9H,m). 

Found : C,73.76;',;H,5.0V. C19 H 04 	' 
requires : C,74.0 15.20;!). 

16  

The minor, less polar isomer (0.059g,14, was identified as cis-1,2-cis-2.3  

trans-3,4-2-carboxymethy1-3-carboxy-4-phonyl-1-tetralo14-lactone (287). 

vmax(CC14
) 1740,1790cm-1. S-3.33(2H,two singlets)11:3.67(3H,$)4.4.63(1111br s): 

g5.50(1H,$)A.8-7.3(9H,m). e= 308.1040 ;019E1604  requires : /1+= 308.1049. 

During the course of this work it was discovered that direct treatment of 

the crude photolysis product with methyl iodide/silver oxide in dichloro-

methane at room temperature, in an attempt to form the methyl ethers of the 

hydroxy-anhydrides (284) to facilitate their separation; in fact led to 

a mixture of the esters (286,287) in one step. Presumably silver oxide 

catalyses the lactonisation process and the carboxylic acid is methylated 

under the reaction conditions. Such treatment provides a convenient method 

of analysis of the composition of similar reaction mixtures and has been 

successfully applied to the photolysis product of 2-methylbenzaldehyde and 

maleic anhydride, leading to (300) directly, in good yield. 

2-Methylbenzoylnitrile (305)  

The cyanohydrin of 2-methylbenzaldehyde was prepared by treatment of the 

corresponding bisulphite addition complex (1.10g) in a little water at 10TC, 

with a solution of potassium cyanide (0.260g) in water (5m1). The resulting 

emulsion was stirred at 101 C for 5min. before extraction of the products 

into ether, washing the extract with water and drying. Evaporation of the 
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solvent (cool bath) yielded a colourless oil (0.60g) whose n.m.r. spectrum 

showed that it contained 75% of the desired product and 25 of 2-methyl-

benzaldehyde. The excess aldehyde was removed by shaking the product in 

ether with sodium metabisulphite solution (ca. 20,40 in H20) over two days. 

The infra-rod spectrum of the oil obtained on evaporation of the ether shows 

no carbonyl band, and the n.m.r. spectrum exhibited the following reconances: 

S2.43(3H1s),S-2.77(111,br sl exchanges in D20),E5.66(1H1s)117.2-7.7(4H,m). 

The cyanohydrin (0.50g) was stirred in dry benzene (50m1) at room temperature  

with activated manganese dioxide (5g) for 2hr.. A single, less polar band 

was evident on tic. The spent oxidant was filtered off and washed well with 

solvent; evaporation of the filtrate yielded 2-methylbenzoylnitrile (0.45g, 

90;;). vmme(liquid film) 1680,2250(w)cm-1. 62.60(311,$),g7.2-7.5(311,m),S8.3(17;r 

Irradiation of 2-methylbenzoylnitrile  

The benzoylnitrile (305), (0.10g) and maleic anhydride (0.07g) were irrad-

iated together in dry benzene (40m1) through pyrex apparatus for lhr.. 

No benzoylnitrile could then be detected by tic. Evaporation of the solvent 

yielded an oily residue which was dissolved in dichloromethane and washed 

with saturated NaHCO3  solution. Apart from a small amount of unreacted 

(305), all of the products were soluble in base. Reacidification of the , 

aoueous phase yielded a carboxylic acid (0.06gl oa. 45%) which was assigned 

the structure ac-tetralono-3-carboxylic acid (308) : 

vmax 1700cm 1,2500-3400cm 1. cr2.6-3.4(5H1 m),S7.2-7.6(3H,m)v0.1(1H,m), 

69.03(1110,r s,exchanges in D20). 

reflation of 2-methylbenzophenone Photooxy  

2-Yethylbenzophenone (0.060g) in dry benzene or cyclohexane (50m1) was 

irradiated under the normal conditions, except that the solutions were 

continuously flushed with a stream of dry oxygen, for 20min.. None of the 

benzophenone remained (tic). Evaporation of the solvents led to the isolation 

of an oil which yielded a strongly positive reaction with moist starch-

iodide paper, and whose n.m.r. spectrum exhibited the following resonances: 
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c(3.9(1H,broad bandl exchanges in D2 
 0),g4.97(1H,d,J=16Hz),S5.67(111,d,J=16Hz), 

• 

S1.0-8.0(9H,m); consistent with the cyclic peroxide (314); no aldehydic 

bands were detected. Thin layer chromatography showed several materials 

were apparently present, but plc caused some decomposition of the peroxide 

and, amongst other products, 2-benzoylbenzaldehyde was isolated. This result 

indicates that the formation of the peroxide proceeds cleanly but decompos-

ition occurs during the work-up Procedures. 
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