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I .  I n t r o d u c t i o n  

The fields of photopolymer iza t ion  of monomers  a nd  photocross- l inking 
of polymers are very  large and  their  complete documen ta t ion  would 
require m a n y  t imes the  size of this  report .  The scope of this  communi -  
cat ion is restricted, therefore, to selected examples of the types  of mono-  
mers and  polymers  which i l lustrate  cur ren t  trends.  

The remarkab le  t e n d e n c y  to  in te rmix  the  terms "photopolymer '"  
and  "photocrossl inkable  po lymer"  has created inconsistencies in  describ- 
ing the  details of the  two processes of forming these polymers.  I n  this  
paper,  photopolymers signify those polymers which result  from the  photo-  
polymeriza t ion of monomer ic  or  low molecular  weight  compounds :  

C H ~ C H ~ R  �9 ~ ~CHa--?H--  

" L R ]~ 
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J. L. R. Williams 

Photocrosslinkable polymers are macromolecules which can become cross- 
linked by  formation of interchain bonds under the influence of light: 

--M--(M)n--M-- h, --M--(M)n--M-- 
, I I 

--M--(M)a--M-- --M--(M)n--M-- 

Photopolymerization first became of interest as a preparative means 
of converting monomers to polymers. As early as 1860 Hoffmann 1) 
carried out the photopolymerization of vinyl bromide. During several 
decades following photopolymerization continued to be studied from 
the point of view of polymer preparation. Typical photoinitiators such as 
aldehydes, ketones, halogen compounds and dyes became of interest 
because they produced a more efficient initiation than that  by  the mono- 
mer alone. 

During the 1920's, photosensitive coumarones were employed to 
form resists. They had, however, very low sensitivity to light. In the 
1930's, Murray2} showed that  alketones could be photopolymerized to 
form resists on exposure to light. He found that  a noncrystallizing layer 
of shellac containing dicinnamoylacetone would form photoinsolubilized 
images. 

Photopolymerization became useful as a means of detecting the 
presence of free radicals, a fact which at t racted many workers to s tudy 
in detail the related phenomena. This period has been thoroughly review- 
ed from the point of view of the photoinitiators and sensitizers by  Del- 
zenne 3) and recently more broadly by  Oster and Yang 4). 

In 1815 Niet~ce 5) discovered that  the natural sensitivity of Syrian 
asphalt could be used to prepare a bleach-out photograph. Some time 
later he reported that  the exposed asphalt images could be developed 
in turpentine. Thus Syrian asphalt constituted the first photocross- 
linkable polymer. Niepce went so far as to copy existing engravings by  
this process. For this it was necessary to print through the document. 
He was then able to develop the resist and subsequently engrave the 

surface of the metal plate in an imagewise manner. Even more than this, 
Niepce was able to copy a landscape "from life" with a polymer by  
means of the first practical camera. This was accomplished years before 
Daguerrotype and silver halide photography was born. Thus, Niepce 
has been designated " the  world's first photographer". In 1852, Lemer- 
cier 5) employed asphaltum in order to sensitize litho stones. In all these 
cases the level of sensitivity of the resist or asphalt was very low and 
stemmed from their natural or inherent sensitivity to light. Exposure 
times of hours were neccessary. 
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By photocrosslinkable polymers are meant macromolecules which 
bear photoreactive groups capable of forming crosslinks between their 
respective chains. A typical photocrosslinkable polymer is poly(vinyl 
cinnamate) s). The photocrosslinking occurs when a network of crosslinks 
is built up between adjacent chains of poly(vinyl cinnamate). The 
mechanism of crosslinking will be described in detail in a later section. 

Intermediate species such as macromolecules bearing acrylate-type 
residues represent a cross between photopolymerizable monomers and 
photocrosslinkable polymers. The gap between photopolymerizable 
systems and photocrosslinkable polymers is closed since the two systems 
are basically the same. A photocrosslinkable polymer can be considered 
the extreme case of a macromolecular photopolymerizable monomer. 

Sensitivity to the near ultraviolet and visible regions of the electro- 
magnetic spectrum has been accomplished in the above systems by use 
of dyes which act as spectral "sensitizers". Interest in photopolymeriza- 
tion and photocrosslinking of polymers has been caused by their potential 
value as image-forming systems. Such imaging methods find great utility 
in connection with photoresists for printed circuits, chemical milling and 
photolithography ~. 

Generally the photocrosslinking of photocrosslinkable polymers is 
not inhibited by oxygen as is photopolymerization. For practical pur- 
poses bisacrylates or trisacrylates are uesd to insure that highly cross- 
linked photopolymers result by irradiation. The fact that the photocross- 
linkable polymer has significantly high molecular weight before photo- 
crosslinking occurs allows the attainment of insoluble crosslinked struc- 
tures possessing highly stable properties. In both photocrosslinkable 
polymers and photopolymers, it is the caged network which allows their 
utilization in practical systems. 

Natural polymers such as albumin, gelatin, fish glue, shellac, and 
gum arabic received attention up to the early 1900's, after which time 
other materials such as bichromate, diazo compounds, iron salts, and 
silver halides were added to resins in order to hasten or accomplish their 
crosslinking. These systems were neither photopolymerization nor photo- 
crosslinkable polymers. Instead, the added second component, when 
excited by light, produced a species which itself caused the formation of 
radical sites on a prepolymer or polymer chain which then led to cross- 
linking. 

Beebe and Murray s~, in the 1920's, sensitized condensation products 
of aldehydes, ketones, and amines with iodine compounds such as iodo- 
form. Such a photoresist, called "Neokel", was sold in 1926. It consisted 
of "furfurane-pyrrol-thiophene" resin, which could be developed in 
naphtha. Thus, in the strictest sense, all polymers can be considered 
photocrosslinkable when irradiated with sufficiently energetic light in 
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the absence or presence of addenda. Many times photodegradation is 
concomitant with photocrosslinking. 

II.  Photopo lymer iza f ion  

The following photopolymerization topics have been chosen for discussion 
owing to current interest. 

1)~Image formation 
2), Photografting 
3) Four-center-type photopolymerization 
4) Charge-transfer photopolymerization 
5) p-Aminobenzoylazide photocondensation 

1. Image Formation 

Research into applications of photopolymerization to practical image- 
forming system has resulted in a multitude of patents. A limited but  
typical group is given in 9). This endeavor has culminated in photopoly- 
merization systems which involve image transfer systems for printed 
circuits, lithography and office copying materials. Typical of such systems 
are those in which a coating of a photopolymerization layer is formed 
on a support such that  is is sandwiched between the support and a cover 
sheet. The cover sheet acts as an oxygen barrier and hence reduces 
termination of growing radical chains by oxygen. 

Photopolymerizable layers usually consist of a polymeric binder, 
such as poly(methyl methacrylate) or poly(vinylbutal); a photopoly- 
merizable monomer, such as methylene glycol bisacrylate; or polyethy- 
lene glycol bismethacrylate; a thermal stabilizer, p-methoxyphenol; a 
photoinitiator, such as an alkyl anthraquinone; and a dye, such as a 
cyanine dye. On exposure to light in an imagewise manner the exposed 
areas are photohardened by formation of caged-type photopolymerized, 
two-dimensional crosslink structures. 

The crosslinked image areas are then insoluble in solvents. The soluble 
noncrosslinked areas can be removed with solvent or chemical action to 
provide relief patterns or images. Alternatively, the change in thermal 
properties on exposure can be utilized. The crosslinked areas are less 
easily thermally softened than are the unexposed areas. Thus the unex- 
posed and thermally softened areas can be transferred by pressure to a 
receiving sheet to give a positive image. Proper choice of the polymeric 
binder and the monomeric acrylate or methacrylate permits control over 
the ultimate physical properties of the exposed and unexposed photo- 
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polymerizable areas. By modifying both the physical properties of the 
acrylic monomer or prepolymer and the polymeric binder, the transfer 
temperature can be controlled. In contrast to transfer systems, inclusion 
of hydrophilic groups into the binder can lead to systems which are 
developable in aqueous alkali washout solvents to give relief images usc- 
ful for lithographic purposes. Typical of such binders are succinoylated 
cellulose esters. Various patents 9) disclose the changes of processability 
and image formation with changes of the physical and chemical properties 
of the photopolymerizable layer. Image transfer rheology of photopoly- 
mers has been discussed by Berkower, Beutel and Walker lo). 

2. PhotogrMting 

Photografting is a technique utilizing photopolymerization such that 
the monomer grafts become attached to macromolecules and the surface 
of other materials. Several techniques exist: The macromolecule can be 
made to initiate polymerization at points along its chain by generation 
of radical sites. The sites on the chain may be formed by photoreactions 
that initiate or by transfer with radicals or radical formers generated in 
the medium. Such techniques offer an opportunity to prepare grafted poly- 
mers from monomers and polymers of radically different physical prop- 
erties. An example would be the photografting of a hydrophilic monomer 
onto a hydrophobic macromolecule. Such polymers are of great theoretical 
interest as well as practical benefit to those interested in surface charac- 
teristics, dyability, etc., of fibers and films. Photografting is also impor- 
tant in practical photopolymerization image-forming systems involving 
binders. 

Photoinitiation of acrylamide by eosin proceeds through the semi- 
quinone of eosin to yield a growing chain terminated at one end by 
eosin 11). 

B r  B r  

B r  ~ ~ ~ C ~ B r  

Smets, DeWinter and Delzenne 11) attached eosin units to poly(vinyl- 
amine) through the amino groups. Photopolymerization was initiated 
at the eosin sites, fielding grafts of poly(vinylamine-eosin-poly-(acryla- 
mide) where X is -CONHz 
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Br Br 

C H  2 
I 
CH-NH 2 Br" "~ "C" ~ Br 

CH2 
[ H2- H-CH2- H-CH2 .... 
CH-NH C 
i II 
CH 2 0 
f 
CH-NH 2 
J 

The polymerized acrylamide was completely bound in the graft since 
no homopolyacrylamide was found. Block polymers have been prepared 
by linear grafting 11). Eosin lactone was appended to poly(methyl 
methacrylate) chains by means of a terminal amino group to provide a 
polymeric initiator which was then used to photoinitiate polymerization 
of styrene and acrylamide. 

By irradiation of natural rubber containing benzophenone, and in 
contact with aqueous acrylamide, Oster and Shibata 12) showed that  grafts 
of poly(acrylamide) could be formed along the rubber backbone chain. 

Cooper and Fielden 13) carried out the photograffing of methyl 
methacrylate to natural rubber by using natural rubber latex containing 
1-chloranthraquinone as the photoinitiator. Ninety-eight percent of the 
polymerized methyl methacrylate was found as grafted poly(methyl 
methacrylate). Osier 14) reported the grafting of acrylamide onto poly- 
ethylene using benzophenone. 

Grafting of acrylonitrile and acrylamide to cellophane was studied 
by Tsunoda, Tanaka and Murata 15) who used methyl vinyl ketone as 
the photoinitiator. 

Cooper and co-workers 16) made a comparative s tudy of the grafting 
of methyl methacrylate upon natural rubber latex using visible, ultra- 
violet and y-radiations as energy sources. I t  was found that  the grafting 
took place with equal efficiency whether the radiation source was light 
or y-rays. 

The fact that  many anthraquinone dyes, when adsorbed on cellulose, 
undergo a photochemical reaction with the polymer was used by Geacintov, 
Stannett, Abramson and Hermans IT) as a means photografting upon 
cellulose. 

Anthraquinone-2,7-disulfonic acid was used as the photoinitiator to 
photograft acrylonitrile, methyl methacrylate, styrene and vinyl acetate 
upon cellulose. The radical site formed on the cellulose chain initiated 
polymerization of quantities of monomers of up to three-and-one-half 
times the weight of the cellulose Is). 

Needles 19) reported that  riboflavin-5-phosphate photoinitiation of 
low concentrations of acrylic monomer (1--3%) proceeded with difficulty. 
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However, when proteins or amino acids are present in such monomer 
solutions, photoinitiation proceeded well. Fibrous proteins such as wool 
keratin and silk fibroin showed grafted polymer uptakes despite their 
lack of solubility 20). 

Recently Dhandraj and Guillet 21) reported a new photochemical 
synthesis of block copolymers by irradiation of poly(tetramethylene 
sebacate-CO-y-ketopimelate) in the presence of methyl methacrylate. 
The chain radicals formed from the Norrish Type I cleavage of the ~,- 
ketopimelate unit initiated polymerization of methyl methacrylate 
leading to blocks the length of which depend on the number of scissions. 

o o o 
II II II 

- -  O(CH2)4OC CH2CH2C CH2CH2CO(CH2) 4 0  - -  

O [ O O 

11 ,~b" II II 
- -  O(CH~)4OC CH2CH2 �9 + -C CH2CH2C O ( C H 2 ) 4 0  - -  

3. Four-Center-Type Photopolymerization 

The photodimerization of olefinic systems such as cinnamic acid and 
stilbenes has been studied and reported for many years ~.2). 

A related method for the photopolymerization of doubled-ended 
dimerization-type structures has been reported by Hasegawa and Suzuki 
for distyrylpyrazine ~.3~ and trans, trans-l,4-bis(~-pyridyl-2-vinyl)ben- 
zene 24). 

0 L 

, j\.J d 
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The fact that isomeric compounds 1,4-bis(f~-pyridyl-3-vinyl)benzene 
and 1,4-bis(~-pyridyl-4-vinyl)benzene failed to photopolymerize under 
the same conditions indicates the importance of the topochemical 
arrangement of the double bonds. This was studied by x-ray analysis 
of the crystals. Topochemistry has been shown to be important in the 
case of the dimerization of substituted cinnamic acids 25)./~-Phenylene- 
diacrylic acid and its esters photopolymerize to yield polyesters contain- 
ing cyclobutane units 26). 

co2c H  ] 

CO2C2Hs Jn 

A study with the ethyl ester showed that photopolymerization took 
place in the crystalline state but not in the melt 9.6). A further example 
of this type of polymerization is reported for polymethylene dicinna- 
mates, typical of which are tetramethylene dicinnamate and ethylene 
dicinnamate 27). 

4. Charge-Transfer Photopolymerization 

Recently a series of publications by Tazuke and co-workers 28,29,~0) 
have disclosed photopolymerization systems in which ionic or charge 
transfer species act as the photoinitiators. It is interesting to note that 
the presence of oxygen in such systems causes less inhibition or retarda- 
tion than in radical-type photopolymerizations. Donor-acceptor p~irs 
such as vinylcarbazole and sodium aurochloride dihydrate typify the 
system: 

h~ 
D + A  c * D . . . .  A * D +" + A - -  l 

�9 .D--A. 

+D--A- 

ESR measurements indicated electron transfer from Auln or AulI to 
vinylcarbazole. Whether AulI or AulII is involved in the electron transfer 
has not been established. Slow polymerization of vinylcarbazole-sodium 
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aurochloride dihydrate occurs at room temperature in the dark. Irradia- 
tion of the same system causes precipitous polymerization. Ammonia 
inhibition of the photopolymerization was indicative of the participation 
of a cationic propagation process. 

5. p-Aminobenzoylazide Photopolycondensation 

Reynolds, VanAllen and Borden al) made use of the photochemical 
rearrangement of benzoyl azides to phenyl isocyanates to conduct a 
photopolycondensation. By incorporation of a group, reactive with 
isocyanates, such as amino, into the same molecule, photolysis led to 
formation of a polyurea structure. 

o o 
H z N _ ~ C O N  3 [ ~ 117 ~ ii 

Solid state irradiation of p-aminobenzoylazide in the absence of a 
binder leads to formation of the polyurea. Attempted formation of such 
a polymer within a matrix of a soluble polymeric binder such as poly- 
(vinylbutal) led to insolubilization in the exposed areas. Hydrogen 
abstraction can simultaneously produce crosslinking of the binder. 

III. P h o t o c r o s s l i n k a b l e  P o l y m e r s  

1. Structural Variations 

Allen and VanAllen 39) synthesized a polymeric chalcone for use as a 
photolithographic material from polystyrene and cinnamoyl chloride. 

CH2-C. H~ + nCsHsCH=CHCOCI A l C l 3  I .  - -  

C=O 
I 
CH 
II 
CH 
l 
C6Hs 

7 

235 



J .  L. R. Will iams 

Robertson, VanDeusen and Minsk 88) prepared poly(vinyl cinnamate) 
and found that incorporation of sensitizers such as Michler's ketone into 
its coatings provided a means of optical sensitization. Optical sensitization 
decreased the required exposure time to give imagewise photocrosslinking 
of poly(vinyl cinnamate). 

The basic unit necessary to produce crosslinking in polymers based 
on poly(vinyl cinnamate) is the - -C=C-CO- unit. This unit can be 
attached to many polymers in many ways and, depending on its config- 
uration in the polymer chain or when appended to the polymer chain, 
the light-sensitivity and the physical properties of the polymer can be 
modified. If a nitro group is placed in the benzene ring of the cinnamoyl 
residue, the optical response of the polymer can be shifted to longer 
wavelengths. 

Extension of the use of the cinnamoyl unit to photocrosslinkable 
polymers is found in the numerous chalcone-type polymers prepared by 
Uuruh and Smith 84). Typical is a group of chalcone polymers which 
were prepared by reaction of poly(4-vinylacetophenone) with aromatic 
aldehydes such as benzaldehyde. 

-- ~ - C H z  

C-O I 
CH II 
CH I 

n 

P o l y  -(4Lvlnylchalcone) 

acid 
or base 

Another quite different group of photocrosslinkable polymers synthe- 
sized by Merrill and Unruh 85) was based on the azide group. In this 
case, an azide group usually attached to an aromatic nucleus is appended 
to, or incorporated within, a polymer chain. Typical is poly(4-azidosty- 
rene). 

P o l y ( 4 - a z i d o s t y r e n e )  
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The azide polymers have been found to respond quite effectively to 
sensitization, much in the manner of that found earlier for poly(vinyl 
cinnamate) ~7). 

Examples of photosensitive functional groups which have been 
attached to or incorporated within polymer chains are shown in Fig 1. 

Olefinic: ~C=C~ / Azide: -N s 

a - ~ u n s a t u r a t e d  k e t o n e :  /C=Cx //(3 C a r b o a z i d e :  - C - N  s 
II 

C\ O 

a - ~ u n s a t u r a t e d  e s t e r s :  

R O 
It 

/XC=C~_ 4,0 Sulfone azide: -S-N s 
II 

C\ O 0 
\ R '  

Diazoketones: 

O 

D i a z  o n i u m  s a l t :  R-N2X 

Fig. 1. Examples of photosensitive functional groups 

Units used for attaching or condensing photosensitive groups to polymer 
chains can be drawn from esters, carbonates, phosphonates, urethanes, 
ethers, amides and sulfonamides. A number of such variations for the 
incorporation of cinnamate structures are shown in Fig. 2. 

2. Sensitometry of Photocrosslinkable Polymers 

A sensitometric method for the evaluation and comparison of light- 
sensitive polymers was developed by Minsk  and co-workers 6,~3). Coat- 
ings of polymers of various compositions or containing different sensi- 
tizers were exposed through a step tablet to controlled quantities of light. 
The unexposed or partially exposed soluble polymer areas were dissolved 
away by solvents in a developing step. The resulting image was made 
visible by inking of the residual polymer. By comparison of the minimum 
amount of light required to produce the weakest appearing step, the 
comparative speed value of the polymer in question is assessed. Poly- 
(vinyl cinnamate) is taken as a value of 1.0. 
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Others have used interference microscopic 36) and gravimetric meth- 
ods a~) to compare the density of the residual polymer on the various steps. 

3. Spectral Response 

Robertson, VanDeusen and Minsk 33) described the use of a wedge 
spectrograph for the measurement of spectral response. Such a wedge 
spectrograph consists of a modified Bausch and Lomb monochromator, 
as shown in Fig. 3. Comparative spectral response patterns for polymers 
can be obtained on a comparative basis by exposure-development of 
coatings of various light-sensitive polymers. Wedge spectrograms also 

~non light 
source 

-Step wedge 

Film holder 
.Atuminium surface i 

mirrors 

Fi~m strip 

~Diffraction 
grating 

Fig. 3. A wedge spectrograph 

provide a very useful and facile method of comparing the effect of the 
inclusion of other materials, such as sensitizers, in polymer coatings. By 
this means we can determine whether an addendum produces sensitiza- 
tion or desensitization effects. Typical wedge spectrograms for poly(vinyl 
acetate cinnamate) and poly(vinyl acetate cinnamate)-picramide are 
compared in Fig. 4. 
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(I) 

- - " - - ~  12) 

30O ~00 50O 
Wavelength (m~u) 

Fig, 4, Wedge spectrograms of unseltsitized (1) ~.ttd pieramide sensitized (5) poly 
(vinyl cinnamate)  

4. Extension of the Spectral Sensitivity of Photocrosslinkable Polymers 

The range of the spectral sensitivity of light-absorbing photocrosslinkable 
polymers can be extended in two ways: (a) by modification of the range 
of light absorption of the crosslinking chromophore in the polymer, or 
(b) by inclusion of spectral sensitizers. 

a) Chromolhhore Modification 

Fig. 5 illustrates the wedge spectrogram (1) corresponding to the spectral 
sensitivity of poly(2-vinyl-l-methyl-5-styryl-pyridinium methosulfate) as). 
Spectrograms 2 and $ indicate the increased range of spectral response 
of the corresponding p-methoxy- and p-dimethylamino-substituted 
polymers toward insolubilization by pbotocrosslinking. The action 
spectra roughly follow the absorption spectra of the polymers as shown 
in Fig. 5. 

I I I I I 

-H 

- 0CH~ 

s / ~ 7 / / / / / / / 7 / / / / / / / / / / / / / / / / / / / / / / / / / / ~  
300 /~00 500 m H 600 

Fig. 5. Wedge spectrograms of poly(2-vinyl-l-methyl-5-(p-substituted styryl)pyry 
dinium) methosulfate; where R is H. OCH3 and N(CH3)2 
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Another type of chromophore modification can be accomplished by 
extension of the unsaturated chain length. The spectral responses of 
poly(vinyl acetate cinnamate) and poly(vinyl acetate cinnamylidene 
acetate) (Fig. 6) typify this method am. 

3OO 400 500 mp 

"I H '~- c-o-P 
H 

300 400 500 mM 

o 

H 

0-P 

Fig. 6. Wedge spectrograms of poly(vinyl cinnamate) and poly(vinyl cinnamylidene- 
acetate) 

b) Spectral Sensitization 

Minsk, et al. 6,33), discovered the feasibility of extension of the spectral 
response of insolubilization of poly(vinyl acetate cinnamate). Several 
other investigations have extended the group of addenda which provide 
spectral extension of the photocrosslinking of poly(vinyl acetate cinna- 
mate) 40,41,42,43,44). Most striking is the spectral extension obtained 
when poly(vinyl acetate benzoate cinnamylidenacetate) 4s} is sensitized 
with various pyrylium salts as shown in Fig. 7. 

300 ~00 
I 

500 my 

300 Z.00 500 m~u 

Fig. 7. Wedge spectrograms of poly(vinyl acetate benzoate cinnamylideneacetate) 
unsensitized and (lower) sensitized with 4-(p-butoxyphenyl)-2,6-bis(p-ethylphenyl )- 
thiapyrylium perchlorate 
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5. Studies of the Mechanism of Photocrosslinking 

a) Poly(vinyl cinnamate) 

The photocrosslinking of poly(vinyl cinnamate) was assumed by Minsk 
to involve reactions which led to the disappearance of the double bond. 
A number of studies have confirmed that ultraviolet irradiation of 
poly(vinyl cinnamate) causes diminution of the value of absorbance in 
the region characteristic of the cinnamate ester group. Typical experi- 
ments involved the irradiation of coatings of poly(vinyl cinnamate) on 
quartz plates. It was then possible to follow the disappearance of the 
cinnamate ester absorption spectra with irradiation time. The photo- 
reaction taking place has been presumed by Tsuda 4x) to be analogous 
to dimerization of low molecular weight cinnamate esters. 

C6H5 C6H5 C6H5 
I I I 

CH CH CH 

II h~ ) I I 
CH CH CH 

I I t 
CmO CmO C ~ O  

I I I 
0 0 0 
R R R 

and  isomers  

Tsuda 41) described a relationship between the degree of esterification 
of poly(vinyl alcohol) with cinnamate and the amount of light necessary 
to produce crosslinked images. Unfortunately, the experimental verifica- 
tion could not be carried out since the solubility, and hence the develop- 
ment characteristics, change markedly with the percentage value of 
esterification or amount of residual hydroxyl groups. 

A relationship was found between the average molecular weight and 
the relative sensitivity of the poly(vinyl cinnamates) prepared from 
parent poly(vinyl alcohols) of varying average molecular weights. 
Tsuda 41) reported that the optimum degree of sensitization was reached 
when the sensitizer concentration reached 10 percent by weight of that 
of poly(vinyl cinnamate). This effect was attributed to the necessity of 
intimacy between sensitizer molecules and cinnamate groups in order 
that the energy absorbed by the sensitizer be transferred efficiently to 
cinnamate. In a later study, Tsuda 43) investigated the role of a number 
of sensitizers (S) and concluded that the triplet state of the sensitizer (S ~') 
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transferred energy to the triplet of the cinnamate esters group which 
then underwent crosslinking reactions. 

]IV 
S O ~ S x 

S1 , S ~" 

S T + (c innamate)  o > SO + (cinnamate)~" 

(c innamate)  ~' ~ c ross l ink ing  c h e m i s t r y ,  severa l  s t eps  

By variation of the sensitizer (S) the energy of S T at which crosshnk- 
ing of poly(vinyl cinnamate) fails was estimated to be 17,300 cm -x. 
This value agreed well with a phosphoroscopic value of 17,600 cm -x 
made at 77 ~ K of cinnamic acid in EPA glass. Methyl cinnamate failed 
to give any observable phosphorescence at 77 ~ K. This was at t r ibuted 
to the great tendency of the ester to undergo dimerlike reactions, rather 
than to release the energy as phosphorescence. 

A comparison of the photosensitivity of poly(vinyl cinnamate) with 
the photodimerization of cinnamic acid in poly(vinyl alcohol) coatings 
was carried out by  Nakamura and Kikuchi 44). Cinnamic acid in poly- 
(vinyl alcohol) coatings was found to undergo photoisomerization as well 
as photodimerization. The ultraviolet absorption spectra used to follow 
the course of tim reaction showed one isosbestic point together with other 
nonisosbestic curve intersections. Such complex curve changes indicated 
that  photoisomerization and at least one other reaction, photodimeriz- 
ation, was occurring. 

Corresponding ultraviolet absorption curves for the irradiation of 
poly(vinyl cinnamate) showed no isosbestic point, indicating that  little 
or no photoisomerization took place. In fact, the value of the wavelength 
of 2max shifted to longer wavelengths as the total area under the curves 
decreased. Photodimerization-type reactions would have been expected 
to produce such a decrease of area under the curves, but  with no batho- 
chromic wavelength shift. The same type of decrease in absorbance 
accompanied by a shift of the value of the wavelength of 2max to longer 
wavelengths occurred when 2-nitrofluorene was used as a sensitizer in 
poly(vinyl cinnamate). Nakamura and Kikuchi 44) found that  the photo- 
sensitivity or quantum yield of photocrosshnking decreased in proportion 
to the degree of disappearance of the double bonds of the cinnamate 
groups. A relationship between the photosensitivity, the minimum 
exposure time for crosslinking, and the quantum yield of crosslinking 
was derived therefrom. 

Kikuchi and Nakamura 42) studied the ESR spectrum of poly(vinyl 
cinnamate) irradiated with light of wavelengths of 240--250 mbt at 77 ~ K. 
The ESR spectrum consisted of two components, a broad singlet and a 
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quartet.  Temperature studies of the stability of the two components 
indicated differences which were at tr ibuted to the presence of two types 
of radicals. I t  was proposed that  the broad singlet was due to crosslinked 
cinnamoyl radicals and the quartet  to radicals on the main chain which 
were produced by  hydrogen abstraction reactions. 

Parallel phosphorescence studies indicated that  the 0 - 0  band for 
cinnamic acid occurred at 20,000 cm -1. Tsuda 43) reported a value of 
17,600 cm -1. In the same study Kikuchi and Nakamura 42) measured 
the quenching of the phosphorescence of cinnalnic acid with a group of 
typical sensitizers, among which were 2-nitro-fluorene and p-nitroaniline. 
The critical separation distance between cinnamic acid and sensitizers 
for effective quenching was found to be 10A. 

A more direct comparison of monomeric and polymeric systems was 
made by  Curme, Natale and Kelly 46), who studied the relationship 
between the photochemical behaviors of ethyl cinnamate and poly(vinyl 
cinnamate). In their s tudy ethyl cinnamate containing sensitizers such 
as p-nitroaniline, picric acid or Michler's ketone was irradiated such 
that  the energy was absorbed only by  the sensitizer. The disappearance 
of cinnamate ester ultraviolet absorption was similar to the changes 
taking place in poly(vinyl cinnamate). As in the experiments of Nakamura 
and Kikuchi 44 irradiation of coatings of Michler's ketone-sensitized 
poly(vinyl cinnamate) exhibited the unexpected shift of the value of the 
wavelength, 2max, of ultraviolet absorption to longer wavelengths. In the 
presence of oxygen the sensitizers underwent photolysis. 

As a result of luminescence-quenching experiments, Curme, Natale 
and Kelley 46) concluded that  einnamate did not accept singlet energy 
from Michler's ketone or picric acid at 77 ~ K. Again it was suggested 
that  triplet energy was donated by  the sensitizer to cinnamate ester, 
which then underwent dimerization-type crosslinking. 

I t  has been tempting for researchers to assume that  the crosslinking 
takes place when an excited double bond adds to one of its neighbors to 
form cyclobutane-type structures. Parallels from the poly(vinyl cinna- 
mate) system have been drawn to the well-known dimerization of cin- 
namic acid to truxillic and truxinic acids. A s tudy of a number of sub- 
sti tuted cinnamic acids revealed that  in order for efficient dimerization 
to take place the double bonds of two neighboring cinnamate structures 
must lie within 3.6--4.1A of each other 25~. The regularity of structure 
in the crystalline state is not preserved in solution or in the polymeric 
medium. I t  has been difficult, therefore, to conclude that  cyclobutane- 
type structures are formed predominantly during the photocrosslinking 
of poly(vinyl cinnamate). 

However, Sonntag and Srinivasan 4~) irradiated poly(vinyl cinnamate) 
and conducted paper chromatographic analysis of the hydrolysis products 
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of the crosslinked polymer. The presence of ~-truxillic acid was indicated 
on a qualitative basis. The presence of ~-truxillate ester in the crosslinked 
poly(vinyl cinnamate) requires that  there be some interchain stereo- 
regularity. 

I t  was proposed that  the following type of ordering of the pendant 
cinnamate groups would produce a means of formation of ~-truxillic 
ester units: 

P 
P o 
o [ 
C=O C6H5 C=O C6H5 
I I I I 
CH CH CH CH h~ 
II II , I I 
C H  C H  C H  C H  

J I I I 
C~H5 C=O Coil5 CO 

I I 
o o 
I I 
p P 

hyfl.rolysls 
c,-truxillic acid 

where P represents the backbone polymer chain. 

Nakamura, Sakata and Kichuchi 48) have compared the thermal and 
photochemical crosslinking of poly(vinyl cinnamate). The critical harden- 
ing value required is approximately 1.3 crosslinks per macromolecule 
possessing a degree of polymerization of 1400. The minute amount of 
crosslinking required to insolubilize poly(vinyl cinnamate) makes the 
s tudy of the process difficult; insight can be obtained only by inference. 
Furthermore, Nakamura and Kikuchi 44) reported that  the quantum 
yield of the disappearance of the double bonds in poly(vinyl cinnamate) 
decreased rapidly with irradiation time. Extrapolation to zero time of 
exposure indicated a quantum yield of 0,34. I t  therefore seems hazardous 
to base conclusions on observations of products which result from long 
irradiation times. 

Marvel and McCain 49~ have shown that  ethyl cinnamate can be 
homopolymerized by use of typical radical-type thermal initiators, such 
as benzoyl peroxide or 2,2'-azobis(isobutyronitrile). Ethyl  cinnamate 
and poly(vinyl cinnamate) can, therefore, take part in radical addition 
reactions. 

If crosslinking of poly(vinyl cinnamate) occurs at levels of crosslinks 
as low as 1.3 per macromolecule 4~), and if at least two types of radicals 
are present 41), then the possibility of vinyl-polymerization-type photo- 
crosslinking at the onset cannot be excluded. The problem of making 

16" 245 



J. L. R. Williams 

studies at the onset of crosslinking has yet  to be solved. The competitive 
role of oxygen, an efficient triplet quencher, is still unexplained. 

Buettner 50) has shown that  oxygen quenching of triplet states of 
molecules depends on the nature of the polymeric medium in which the 
parent molecule is dispersed. In polymers which are highly hydrogen- 
bonded the quenching is minimal. However, in acrylates and polymers 
similar to poly(vinyl cinnamate), oxygen quenching is marked. Further-  
more, the sensitizers used in studying the photolysis of ethyl cinnamate 
undergo slow photolysis 40. During the same study it was reported that  
singlet energy was not drained from Michler's ketone or picric acid by  
cinnamate ester. Considering this fact, the presence of oxygen, and the 
triplet tendencies of the sensitizers, it appears that  the photocrosslinking 
of poly(vinyl cinnamate) could involve the triplet states as a chemical 
species rather  than in a role involving energy transfer to cinnamate. 
The triplet state of the sensitizer would be involved only to the extent  
tha t  the triplet state or a species derived therefrom adds to or com- 
plexes with a cinnamate unit. The result of this interaction could produce 
a radical species which could then initiate an inefficient polymerization- 
like reaction producing only the few crosslinks necessary to cause insolu- 
bilization of poly(vinyl cinnamate). Alternatively, the triplet of the 
sensitizer could react with triplet oxygen to form a semiquinone-like 
intermediate which would react further with oxygen to form radical 
initiators. The fact tha t  maximum sensitization is gained at the level of 
10 percent of sensitizer 41,44) indicates a critical interaction between 
the sensitizer and the polymer. In the polymer phase the intimacy of 
sensitizer and cinnamate unit is at a maximum. 

b) Azide Polymers 

The azide polymers can be divided into the two subclasses: the aromatic 
azides and the acid azides, such as carboazides and sulfoazides. 

-•N S Aromatic  azide 

-~-CON s Carboazides 

- ~ S O 2 N  3 Sulfone azides 

In all cases it is believed that  upon absorption of energy a nitrene- 
type intermediate and nitrogen are formed: 

R--Ns ~ R',I~ + N2 
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The nitrene constitutes a very reactive intermediate which can take part 
in coupling, dimerization and hydrogen abstraction reactions. 

Merrill and Unruh 35~ described the preparation of azidophthalate 
esters of poly(vinyl alcohol). They found that the reaction of a nitrene 
with poly(vinyl toluene) was parallel to that of ethyl benzene in that 
side-chain hydrogen atom abstraction took place, p-Carboxyphenylazide 
gave p,p'-dicarboxyazobenzene and nitrogen on irradiation in the 
crystalline form ss}. 

O O O 

On the other hand, phenylazide gave complex mixtures of products. 
As in the case of poly(vinyl cinnamate), the onset of insolubilization 
masked interpretation of the chemical reactions taking place. Merrill and 
Unruh 85 did, however, divide the process into the photochemical reac- 
tion and the subsequent coupling reactions which follow. Rieser and 
Marley 51~ have studied in detail the photolysis of aromatic azides at 
room temperature and at 77 ~ K. Results from the photochemical decom- 
positon of phenylazide indicated that the primary photolytic step was 
indeed the formation of a nitrene and that the process was neither 
bimolecular nor concerted in nature. Merrill and Unruh 35~ pointed out 
that photolysis of aromatic azides caused the loss of nitrogen as the 
rate-determining step and that reactions of the resulting nitrene depended 
on the nature of the environment. I t  is not known whether the azide 
decomposition proceeds through a triplet or a singlet excited state. 
Typical triplet sensitizers have, however, been useful as sensitizers for 
azide-bearing polymers. 

c) Chalcone-Type Polymers 

Poly(4'-vinyI-trans-benzalacetophenone) was prepared by Unruh s2~ by 
condensation of poly(/%vinylacetophenone) with benzaldehyde. In his 
studies Unruh sz~ compared the photochemical behavior of poly(4'- 
v~nyl-trans-benzalacetophenone) with that of the model compound, 
4-ethylbenzalacetophenone. Both the polymer and its model showed 
typical photoisomerization behavior when irradiated in dilute solution. 
This behavior of the two species was consistent with the results reported 
for benzalacetophenone by Lutz, et al. 5s,~4~. Unruh found, however, 
that when the trans polymer was photoisomerized to the cis form, the 
expected complete return to trans form upon addition of acid failed to 
result. This fatigue or loss was attributed to small amounts of intrachain 
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dimerization or polymerization taking place in the coiled polymer chains. 
When the polymer was progressively irradiated as a film, a smooth series 
of curves following through two isosbestic points resulted. A hypsochro- 
mic shift of 2max 50 m~ of ultraviolet absorption occurred. These obser- 
vations indicated a very rapid, clean conversion of cis to trans isomer. 
The rapid shift indicated that isomerization preceded polymerization or 
dimer-type reactions which led to intra- and interchain crosshnking. The 
film became insoluble in the coating solvent at levels of less than 1 per- 
cent conversion of trans to cis polymer. Thus photoisomerization and 
photocrosslinking reactions compete when such films are irradiated. 

IV. Conclusion 

It appears that at least three processes can take place when systems 
containing photopolymerizable monomers or photocrosslinkable polymers 
are exposed to light. They are photopolymerization, photocrosslinking 
and photografting. These three processes lead to the formation of net- 
works of crosslinks which provide the rigidity and stability of structure 
that permit photopolymerization and photocrosslinkable polymers to be 
of practical importance in image formation. The differences between 
photopolymerization and the photocrosshnking of polymers for practical 
applications are not great and lie only in the details of the photocross- 
linking mechanism. Photopolymerization could more correctly be termed 
photoinitiation since the primary act of initiation is the only step which 
is light dependent. During long irradiation times photografting could 
occur during the propagation and after the termination steps leading to 
crosslinking or branching. The presence of two radical species appearing 
during photocrosslinking of poly(vinyl cinnamate) lends credence to the 
idea that two processes could be occurring, one due to a radical at the 
cinnamate unit and the other due to a radical on the polymer chain. The 
two radical sites would result in photodimerizing-type crosslinking and 
radical reactions of the backbone chain. 
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In t roduct ion 

The photochemistry of o-quinones and non-enolic ~-diketones has a 
venerable history dating at least to 1886 when Klinger s2) reported 
sunlight irradiations of benzil and 9,10-phenanthrenequinone. The latter 
compound and biacetyl have been extensively investigated for many 
years and interest has broadened to embrace a wide variety of substances. 
The basic processes involved depend in large measure Oil the presence of 
the vicinal dicarbonyl system rather than on classification as diketone or 
o-quinone; it appears both justified and desirable to consider their photo- 
chemistry jointly. ~-Diketones which exist in the enolic form behave for 
the most part as substituted ~,~-unsaturated ketones and will not be 
considered. For convenience, the term dione will be used when reference 
is intended to both ~-diketones and o-quinones. 

A review 149) of sunlight reactions of non-enolizable ~-diketones 
(including o-quinones) appeared in 1947 and Bruce 34) has reviewed the 
photochemistry of quinones recently. The reader is referred to recent 
books 1-4) on photochemistry for general background material particu- 
larly with reference to the related photochemistry of monoketones. 
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Except for biacetyl, hexafluorobiacetyl, and benzil, photoreactions of 
o-quinones and a-diketones have been investigated in solution. Some of 
these reactions are elegantly clean and quantitative as illustrated in 
Fig. 1 for the irradiation (4358/~) of a degassed solution of phenanthren- 
equinone in dioxane where four isosbestic points are observed (a fifth 
isosbestic point appears at 316 nm). 

.7oJ 
.60 

.50 

.40 

D 
.30 

.20 

,10 

.00 
330 ~o 4~o 4;0 500 

X (nrn) 

Fig. 1. Spectral changes upon irradiation of a degassed solution of phenanthren- 
equinone in dioxane at  4358 

Since diones have appreciable absorption at longer wavelengths than 
most organic compounds, including their products of reaction, it is usually 
feasible to perform photoreactions using simple filters so that light is 
absorbed only by the dione. The initial excited species, at least, can then 
be clearly defined. Proper choice of wavelength can also ensure irrevers- 
ibility of reactions and eliminate problems of overirradiation. 

As investigations of their solution photochemistry have proliferated, 
it has become increasingly clear that it is nearly impossible to find a 
completely unreactive solvent for some diones. Thus, for example, the 
quantum yield for disappearance of phenanthrenequinone in degassed 
benzene solution at 4358 A is 0,25 lax) (perfluoro compounds, which 
might indeed be unreactive, are extremely poor solvents for many diones). 
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Nevertheless, differences in reactivity between solvent and substrate are 
often sufficiently great to allow use of "relatively" inert solvents such as 
benzene but  their possible participation in reaction cannot be safely 
ignored. A special complication is introduced in hydroxylic media where 
addition of solvent to the dione to give monohydrate or mono-hemiketal 
(7) can occur. Such behaviour, readily detectable spectroscopically, is 

OH 

+ltOH -. " 
0 0 

1 

frequently observed to an appreciable extent with a-diketones 11,14,62, 
81,8s,138,174) but  generally not with o-quinones. In some cases, the equi- 
librium constant for reaction with solvent is not large and it is still 
possible to observe diketone reactions by irradiation at sufficiently long 
wavelengths. However, if shorter wavelengths of light are used, the ob- 
served results may  reflect dione photochemistry only in part  or not at all. 
For example, the lower quantum yield of phosphorence of aqueous solu- 
tions of biacetyl compared with hydrocarbon solutions ~) is probably due 
to hydration. 

Another complicating factor is the role played by  oxygen. In some 
cases oxygen appears to retard reaction and in others to accelerate. In 
many cases the overall course of reaction is dependent on the presence 
or absence of oxygen. This is illustrated in Fig. 2 for the reaction of 
phenanthrenequinone with ethyl acetate. In degassed solution, the spectra 
determined after various periods of irradiation presented an appearance 
very similar to Fig. 1 and the quantum yield was uni ty  13~). When 
degassing was omitted, results such as illustrated in Fig. 2 were obtained 
and quantum yields were variable and less than unity. 

In the absence of the complications discussed above, the observed 
photoreactions of diones can be conveniently classified into three general 
types: 

1) Cleavage 
2) Cycloaddition 
3) Hydrogen abstraction 

These reactions are analogous to processes observed with monoketones 
but  their variety is considerably enhanced by  the added possibilities for 
reaction introduced by  the second carbonyl group. Reactions in the 
presence of oxygen will be discussed separately. Before turning to these 
reactions, a brief summary of spectroscopic properties of diones is de- 
sirable. 

253 



M. B. R u b i n  

D 

. 7 0  - 

. 6 0 -  

. 5 0  - 

. 4 0  - 

. 3 0 -  

. 2 0 -  

. 1 0 -  

. 0 0  
3 3 0  sbo 4~o 4,~o 56o 

~. (nm) 

Fig. 2. Spectral changes upon irradiation of an air-saturated solution of phenan- 
threnequinone in ethyl acetate 

Absorption Spectra 

Absorption spectra of diones exhibit intense maxima due to n,n* tran- 
sitions and weak, longer wavelength maxima due to "forbidden" n,~* 
transitions. The n,n* transitions are of particular interest since (a) they 
often show a considerable dependence on fine details of structure, 
(b) their relatively long wavelengths usually allow selective irradiation in 
the presence of other substances and (c) the n,g* state is believed to be 
the reactive state in most photoreactions of diones. The spectrum of 
biacetyl has been analyzed by Sidman and McClure 155) and that of cam- 
phorquinone by Ford and Parry ss). 

Long wavelength maxima of representative diones are presented in 
Table 1. The data have been chosen to give examples of various types 
of compounds and provide leading references. These low intensity maxima 
sometimes exhibit fine structure but are often broad and poorly defined 
and show a considerable degree of solvent dependence 55,56,88,109). 
Forster 56) has measured the spectrum of biacetyl in 25 solvents. Weak 
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Table 1. Long wavelength absorption maxima of representative dlones 

Compound Sol- 2max(log e) Lit. 
ventS) 

Biacetyl 
Cyclohexane- 1,2-dione 
Camphorquinone 
Bicyclo[2,2,2]octane-2,3-dione 

Dibenzobicyclo [2,2,2]octane-2,3-dione 

4,4,2-Propella- 11,12-dione (2) 
4,4,2-Propella-3,8-diene-11,12-dione ( I I) 
2,2,5,5-Tetramethyl-3,4-tetrahydro- 
turandione (72) 
3,3, S,5-Tetramethyleyelopentane- 1,2 -dione 
3,3,6,6-Tetramethyleyclohexane- 1,2-dione 
3,3,7,7-Tetramethyleyeloheptane- 1,2-dione 
3,3,8,8-Tetramethyleyelooetane- 1,2-dione e) 
3, 3,16,16-Tetrametbyleyelobexadeeane- 
1,2-dione 
Benzil 
2,4,6,2', 4'-Pentamethylbenzil 
2, 4 , 6,2", 4 ", 6t-Hexam eth ylbenzil 

2-Furil 
2-Pyridil 
Diphenylcyclobutenedion e 
Benzocyclobutenedione (13) 
o-Benzoquinone 
o-Naphthoquinone 

9,10-Phenanthrenequinone 
Acenaphthenequinone 

CH 276, 421, 439, 447 nm b) 6,5~,15a) 
_e)  412 (~ l) 11) 
H 270d)(1.3), 470(1.57) 55) 
CH 293(1.18), 447, 457, 6) 

465, 478b) 
CH 339(2.32), 357(2.43), 25) 

377(2.62), 458(2.99) 
CH 461(1.86) 29) 
CH 537.5(1.86) 29) 
CH 280(2.56), 540 139) 

CH 280(1.18), 505(1.54) 139) 
A 297.5(1.46), 380(1.05) oz) 
A 299(1.54), 337(1.53) 92) 
A 295.5(>1.64), 343(1.34) 92) 
A 286.5(1.77), 384(1.34) 92~ 

A 259(4.31), 370(1.89) 91) 
A 275(4.24), 400(1.94) 91) 
A 255--290(3.41), 91) 

476(1.69) 493(1.71) 
EPA 400 5o~ 
EPA 360 so) 
A 322(4.21), 410(2.21) 26) 
A 301 (3.72), 427(2.44) 2s~ 
Bz 390(3.5), 610(1.3) 76,109) 
CC14 390(3.48), 498(1.59), 154) 

538(1.73) 
Bz 411 (3.24), 500(1.45) s8,154) 
A 337(3.29), 480(0.97) as) 

a) A ---- 95~/o ethanol; CH = cyclohexane; EPA = ether-isopentane-ethanol; 
H ~ hexane. 

b) L o g a n  1.5. 
c) Various solvents. 
d) Most intense of seven bands in this region. 
e) Impure mater ia l  

charger transfer interactions of biacetyl with benzene and ~b-xylene have 
been suggested by  Almgmn 7). 

Interactions between the two vicinal carbonyl groups allow two n,~z* 
transitions in diones. Both of these are observed in unconjugated diones, 
the shorter wavelength absorption lying in the range 270--300 nm and 
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the longer wavelength maximum at 330--540 nm. The wide range ob- 
served for the long wavelength maximum has been at tr ibuted 9~) in part  
to steric factors. The lowest energy conformation for open-chain diones 
is a trans-coplanar (s-trans) one which minimizes unfavorable dipole 
interactions and allows maximum overlap of ~ orbitals. In the presence 
of constraining factors, such as incorporation of the dione system in a 

0 0 

s -trans s -cis 

8 ~  3 
2 

ring, the two carbonyl groups may be forced to assume other conforma- 
tions. I t  has been suggested la9) that  the rigid s-cis conformation has 
tmax 500 nm in the absence of perturbing factors (such as ring strain). 
Leonard and Mader 92) have reported spectra of a series of cyclic diones 
in which the dihedral angle between the carbonyl groups varied with ring 
size. As the angle increased from 0 ~ the long wavelength maximum 
shifted to shorter wavelength reaching a minimum at 90 ~ (N  340 nm) 
and then shifting back to longer wavelength as the dihedral angle ap- 
proached 180 ~ (s-trans, 400--450 nm). The short wavelength n,=* ab- 
sorption exhibited much small shifts in the opposite sense. Confor- 
mations of diones may also be affected by  steric interactions as illus- 
trated 91) ill the comparison between benzil (370 nm) and 2,4,6,2',4',6'- 
hexamethylbenzil (476, 493 nm). 

In addition, ring strain 189) and intramolecular interactions ~5,29,139) 
may  be important. Spectra of biacetyl and benzil showed marked changes 
when determined 175) in silica gel-cyclohexane slurry. The shift of the 
n,r~* maximum to shorter wavelength in the series o-benzoquinone, 
o-naphthoquinone, 9,10-phenanthrenequinone has been discussed by  
Murrell 108). 

The short wavelength n,a* absorption may be buried in the intense 
~,~* absorption of conjugated diones. The extensive conjugation present 
in o-quinones leads to a number of intense ~,~* bands which tail into the 
visible. Conjugated diones such as benzil show =,~* bands usually in the 
range 250--300 nm. Only the tail of the =,=* absorption is observed in 
spectra of unconjugated diones determined with the usual equipment. 
Low temperature spectra of a variety of diones have been described 180) 
recently. 
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Emission Spectra 

Diones are characterized by weak fluorescence and relatively intense 
phosphorescence. For biacetyl, which has been investigated b y  many 
workers under a wide variety of conditions, the phosphorescence quantum 
yield (r in the gas phase 49) (27 o) at 405 or 436 nm was 0.145 and the 
fluorescence quantum yield (r was 0.0023. Relative intensities ( r  
determined in another laboratory 114) at 3650 or 4358 A (26 ~ were 
58 ( 4- 8) : 1. This ratio decreased with increasing temperature; phospho- 
rescence was completely quenched by added oxygen 114). 

cr exhibit the unusual and very useful (vide infra) property 
of fluorescence and phosphorescence in fluid solution. The intensity of 
phosphorescence was not appreciably affected 58) by variations in viscos- 
i ty in a series of hydrocarbon solvents but appears to be dependent on a 
variety of factors including solvent 7,125,141), light intensity, temperature, 
and the presence of impurities. In a series of measurements made in one 
laboratory 7) with biacetyl in benzene solution, Cp varied from 0.0228-- 
0.0800 and phosphorescence lifetime (,) from 183--644 #sec. Nonetheless, 
radiative lifetimes (z]r determined in various laboratories were approx- 
imately 10 msec for biacetyl, benzil, and other open chain diones. 

Phosphorescence spectra in low temperature glasses have been deter- 
mined for a number of diones. The triplet energies calculated from the 
0 - - 0  bands in such spectra are collected in Table 2. The values obtained 
from room temperature spectra show only small deviations from values 
obtained at 77 ~ K. I t  is interesting to note that  the entire range of triplet 
energies is 47--,59 kcal/mole for all compounds investigated including 
unconjugated and conjugated diketones as well as o-quinones. 

Intersystem crossing efficiencies (St -,- TI) have been calculated for 
biacetyl 7,10,1~2,1~6), 2,3-pentanedione 126), 2,3-heptanedione 126), 2,3- 
octanedione 126), benzil 89,115), and 9,10-phenanthrenequinone 3o). In 
all cases the values were close to unity supporting the assumption that  
the triplet state is the reactive excited state in dione photochemistry. 

Parker 115) has recently reported delayed fluorescence (quantum 
yield of 0.0015) from benzil. The activation energy corresponded to 
0.20 4-0.02 #m -1 for this T1 -+ S1 transition. 

From the photochemical point of view, it would be useful to know 
the geometry of the reactive excited state of diones. For example, a 
system having the s-trans conformation would be unlikely to undergo a 
concerted 1,4-addition across the dione moiety. There is practically no 
information presently available on this point. On the basis of the large 
separation between absorption and fluorescence bands and the lack of 
mirror image symmetry between absorption and emission spectra of 
pivalil (3), Evans and Leermakers 5o) concluded that  there is a significant 
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Table 2. Trlplet-state energies of diones a) 

Compound E~,(kcal/mole) 

Hydrocarbon Polar 
solvent solvent 

Other 

Lit. 

Biacetyl 54.5 b) 56 
2,3-Pentanedione 54 b) 56 
2,3-Heptanedione 54b) 56 
2,3-Octanedione 54 "b) 56 
Pivalil (3) 52 
Camphorquinone 52 
Cycloheptanedione 57.5 
Cyclodecanedione 55.5 
l-Phenyl- 1,2-propanedione 54 
Benzil 54 53, 57 a) 
~-Pyridil 59 
~-Furil 55 
~-lqaphthil (4) 54, 58 d) 54, 58 d) 

54 
Acenaphthenequinone 50 
1,2-Anthraquinone 47 
9,10-Phenanthrenequinone 49 

58~) 

48e) 

50,58,73,126) 
50,73,126) 
126) 
126) 
50) 
50,55) 
50) 
50) 
50) 
50,72,73,74) 
5O) 

50) 
74) 

154) 
154) 
154) 

a) From O--O bands of phosphorescence spectra at 77 ~ K. 
b) Identical values obtained in fluid solution at room temperature. 
e) Crystal. 
d) Two Bands of different phosphorescent lifetime. 

(unspecified) change in geometry between ground state and emitting 
state. Almgmn 7) has suggested that  the excited state geometries of 
biacetyl and benzil are more similar than the ground state geometries. 

Existence of s-cis and s-tram triplet states of/%naphthil (4) has been 
inferred 74) from the observation of two states (ET 58 and 54 kcal/mole) 

O O O O  
H II I I ,  

(CH3) 3CC--CC(CHa) ~ ~ C - C ~  

of different phosphorescence lifetimes in EPA or MCIP glasses. The higher 
energy, longer-lived triplet was considered to have the less stable s-ds 
conformation since it was not observed in an isopentane, 3-methyl- 
pentane glass whose setting temperature was very close to 77 ~ K thereby 
allowing greater possibility of conformational equilibration. A similar 
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situation may occur with benzil 74,154). Variations in emission spectra 
of biacetyl, benzil, o- and fl-anisyl due to variations in medium have 
been atributed lSl), in part, to conformational factors. 

E n e r g y  T r a n s f e r  

Biacetyl has been employed extensively in studies of energy transfer 
processes due to the fortunate combination of weak light absorption 
(*max < 30) and the property of fluorescing and phosphorescing in fluid 
solution at ordinary temperatures. I t  is thus possible to irradiate a wide 
variety of compounds under conditions such that  little, if any, light is 
absorbed by biacetyl and, in cases where energy transfer occurs, to 
observe its characteristic fluorescence and/or phosphorescence. Alter- 
natively, biacetyl may be irradiated in the long wavelength region where 
many compounds do not absorb and quenching of its fluorescence and/or 
phosphorescence observed. Quantitative information concerning singlet- 
singlet or triplet-triplet energy transfer may be obtained from measure- 
ments of absolute or relative intensities of emission. 

These methods have been used for characterization of excited states 
and for investigations of intimate details of energy transfer processes. 
Compounds studied include simple ketones 46,70,71,gs,16s) conjugated 
ketones I0,44,102,125,126,170), monoolefins 9,12s), benzene 47,48,78,93,116, 
170), and a wide variety of aromatic compounds 9,4~,47,59,so,140,x42, 
161,1~ o, 182). A note of caution should be sounded concerning quantitative 
conclusions based on emission intensities of biacetyl or other diones. As 
mentioned earlier, these intensities are subject to considerable deviation 
as a result of experimental variables including concentration, solvent, 
temperature and presence of trace amounts of impurities. Recently it 
has been shown 10 ~) that  the efficiency of benzophenone sensitized biacetyl 
phosphorescence decreases with increasing intensity of exciting light. 

The benzil-biacetyl system provides a particularly interesting example 
of energy transfer studies. The absorption spectra of these two diones 
allow selective irradiation and the emission spectra differ sufficiently to 
allow calculation of the contribution of each to the total emission. These 
facts were exploited by Richtol and Belorit 124) to observe behaviour of 
both partners in a photosensitized process. 

Turning to photochemical reactions, triplet energies of diones lie in 
an intermediate position relative to those of organic compounds in gen- 
eral. Diones may, therefore, undergo sensitized reactions; these will be 
discussed as appropriate in the sequel. Diones may also function as 
sensitizers and a number of examples have been recorded, mainly by 
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Hammond and collaborators as part  of their extensive studies on photo- 
sensitized reactions. Examples include (a) cis-trans isomerization of 
olefins sensitized by  biacetyl 42,64,65,176), 2,3-pentanedione 64,65), 
benzil 64,65,89) a_ and fl-naphil ~4), and phenanthrenequinone 30,65) 
(b) diene and anthracene dimerizations sensitized by  biacetyl 9,45,94), 
2,3-pentanedione 94,162), camphorquinone 94), benzil 9a,162), and fl- 
naphthil 94), and (c) the quadricyclene-norbornadiene interconversion 
sensitized 6e) by  benzil. 

Bohning and Weiss ao) have suggested that  cis-trans isomerization of 
stilbenes may proceed via an intermediate addition product (vide infra) 
and not by  energy transfer. The results obtained in the biacetyl-anthra- 
cene system are not completely clear; Backstrom and Sandros 9) reported 
isolation of anthracene dimer while Dubois and Behrens 45) suggested 
that  a 1 : 1 adduct of unspecified structure is formed. 

Cleavage Reactions 

Homolytic cleavage of a bond alpha to the carbonyl group is a common 
reaction of monoketones in the gas phase 1-4) and is observed in solution 
15 s) in cases involving special factors such as stabilization of intermediate 
radicals. A similar generalization can be applied to diones. Three types of 
primary cleavage might be envisioned with diones: 

o o o o 
IT U fl II 

R--C--C--R" , R--C. + R'--C. (1) 

o o 
II II 

> R--C--C. + R'.  (2) 

, ~ .  + ~ ' .  + 2  c o  (3) 

(1) Cleavage of the bond joining the two carbonyl groups (reaction 1 
above) giving rise to two acyl radicals. (2) Cleavage between a carbonyl 
group and the adjacent alkyl group (reaction 2) to form an alkyl radical 
and an a-keto-acyl radical. (3) Simultaneous cleavage of two bonds 
(reaction 3) with formation of two alkyl radicals and two molecules a) of 
carbon monoxide. Subsequent reactions of the various radicals suggested 

a) It has recently been suggested 173) that the oxalyl diradical or a species (CO)2 
may be extruded directly from diones and be capable of finite existence. 
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would be unexceptional. An electrocyclic process in which a bis-ketene 
is formed directly from an o-quinone is also conceivable (vide infra). 

Cleavage of cyclic diones by  reactions 1 or 2 might be a fast, reversible 
process (after necessary spin inversion if triplet states are involved) and, 

/ c=o  h, /c . -o 
\ (CH2)n 

therefore, not be observable except under special conditions. In fact, 
almost all cleavages involving cyclic diones do involve some special 
feature such as the relief of strain upon cleavage of a four-membered ring 
or the stabilization gained by  generation of an aromatic system. Discussion 
of individual cases follows. 

Biacetyl. Photolysis of biacetyl was first reported in 1923 by  Porter, 
Ramsperger, and Steel 121) who irratiated the vapor at 100 ~ and identified 
the products as ethane and carbon monoxide. Subsequently methane, 
acetone, ketene, and 2,3-pentanedione were also recognized as products. 
Considerable effort has been expended to achieve a full understanding of 
the details of the primary processes and progress was reviewed by  Noyes, 
Porter and Jolley 113) in 1956. Irradiations have been performed over a 
wide range of pressure, temperature and wavelength (including the far 
ultraviolet 6s) and mercury photosensitization 69)). Overall and individual 
quantum yields varied widely. 

All of the reaction products can be rationalized in terms of primary 
cleavage to acetyl radicals and analogy to the photolysis of acetone. 
However, the fact that  appreciable carbon monoxide was observed 113) in 
iodine trapping experiments, in contrast to the results with acetone, 
suggests that  some other primary dissociation also occurs. 

Noyes, Mulac and Matheson 112) concluded that  interaction of two 
excited biacetyl molecules occurs in gas phase reactions at 4358 ~ and 
moderate temperature. At higher temperatures, they suggested that  one 
of the reaction products strongly inhibited both phosphorescence and 
cleavage. Recently, Lemaire 9o) proposed that  this inhibitor is the enolic 
form of biacetyl. Irradiation of biacetyl at 120 ~ and 4358 ~ or at room 
temperature and shorter wavelengths resulted in intensification of 
absorption at 275 nm. Titration with IC1 allowed calculation of an ex- 
tinction coefficient of about 10,000. Although a mechanism for its for- 
mation was not proposed, the enol (CHu=C(OH)COCHs) seems to be a 
reasonable hypothesis. Quantum yields for its formation in the gas phase 
in the wavelength range 2537--3130 A were O. 10--0.13; quantum yields 
in solution where ketonization might be much faster were lower. 
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The reactions of biacetyl in fluorocarbons and mineral oil parallel the 
gas phase except that quantum yields were appreciably reduced 61). 
Hydrogen abstraction is the major process in less inert solvents but 
products containing an acetyl group (e. g. acetylcyclohexane) were 
observed s0) to an appreciable extent from irradiations in cyclohexane, 
ether, and dioxane; cyclohexene, ethylbenzene, and 2-propanol reacted 
only by H-abstraction. Photoirradiation of biacetyl and phenylacetic or 
phenoxyacetic acid in acid medium produced 12) benzyl methyl ketone 

/:t + 
C6HsCH2COOH + CH3COCOCH3 , COs + CsHsCH2COCH3 

~>300 

or phenoxyacetone; a complex mechanism not involving primary dissoci- 
ation of biacetyl was proposed. 

The formation of N,N-difluoroacetamide in 80~ yield from irradiation 
of biacetyl in the presence of tetrafluorohydrazine has been reported 117). 

CHsCOCOCH 3 + 1~121~'4 �9 CH3CONF2 

Ethyl radicals formed by photolysis 63) of biacetyl and triethylborine 
were assumed to arise via displacement by acetyl radicals. 

Hexafluorobiacetyl. In the gas phase, hexafluorobiacetyl behaved 169) 
in the same manner as biacetyl, affording carbon monoxide and hexa- 
fluoroethane in stoichiometric ratio. However, in the presence of hydro- 
carbon vapor or in hydrocarbon solution, the disappearance of dione was 
not accompanied by formation of cleavage products. For example, 
photolysis (A > 3000/~, 65 ~ of hexafluorobiacetyl in 150 molar excess of 
2,3-dimethylbutane until 84% of starting material had disappeared 
resulted in only 0.5% of carbon monoxide, an equivalent amount of 
trifluoromethane, and a complex mixture of other products. On the basis 
of carbonyl and hydroxyl absorption in the infrared, it was assumed that 
the excited dione abstracted hydrogen from hydrocarbons to give prod- 
ucts of photoreduction, photoaddition, etc. Occurrence of H-abstraction 
in the gas phase is unique. 

Benzil. Photolysis of benzil vapor at 200 ~ to give carbon monoxide 
and benzophenone was reported X~l) in 1923. The gas phase reaction has 
not been investigated since then. 

o o  o 
II U 3 0 0 .  II 

CeHsC C Cell5 ~ ~ C6H5C Cell5 + CO 

262 



Photochemistry of o-Quinones and *r 

The quantum field for disappearance of benzil at 3660 A in cyclo- 
hexane solution has been estimated to be not greater than 0.25. This 
reaction produced 37) a complex mixture of products including benzoic 
acid, benzaldehyde and phenyl cyclohexyl ketone which suggest that the 
dione underwent cleavage to benzoyl radicals. Hydrogen abstraction 
appears to be the major process in other solvents. 

Cleavage of benzil to benzoyl radicals has also been suggested 3~) to 
account for the observation that irradiation of a polystyrene film con- 
taining benzil produced a film which initiated polymerization of acrylo- 
nitrile. This initiation was observed even several hours after termination 
of irradiation. 

Benzil reacted 117) with tetrafluorohydrazine to give N,N-difluoro- 
benzanide in unspecified yield. 

Formation of aromatic systems. In the months immediately preceding 
completion of this review, two groups 86,173) reported a new bis-decar- 
bonylation reaction of bicyclo [2,2,2]octadienediones to give benzene de- 
rivatives. The compounds reported to react in this way are shown below. 
These same compounds (6-9) were stable to temperatures of 180 ~ or more 
and gave complex product mixtures upon pyrolysis at higher temperatures. 

The formation of the aromatic system provides a convenient rationale 
for the photolytic reactions. However, compound 10 also eliminated 
carbon monoxide to form the appropriate cyclohexadiene derivative. It  
has been suggested 1~8) that an electrocyclic reaction governed by orbital 
symmetry considerations is involved rather than cleavage to acyl radicals 
which then decarbonylate. 

2 C O  + ~. + (C0 )2  

0 

O O O 

5 6 7 

0 0 0 

0 C1 C6Hs 

�9 "- ~ - - ~  OH 0 CY ~l 

8 9 10 
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Cleavage of 4-membered ring diones. Cleavage has been observed in all 
cases where the dione system is incorporated in a four-membered ring, 
undoubtedly reflecting the strain present in such systems. The only 
derivative of cyclobutanedione which has been investigated 2s) is the 
[4,4,2]propellane (11) which underwent quantitative bis-decarbonylation 

~, ~ + 2 CO 

11 12 

to isotetralin (12) upon sunlight irradiation in methanol, carbon tetra- 
chloride, pentane, and benzene solutions. 

Cleavage without decarbonylation has been observed with derivatives 
of cyclobutenedione ("cyclobutadienequinone"), the initial product being 
either a bis-ketene or a diacyl radical depending on whether the reacting 
excited state is singlet or triplet. Thus, the product of photolysis 95) 
of phenylcyclobutenedione in methanol was dimethyl phenylsuccinate 
plus an unidentified substance. The bis ketene intermediate (14) formed 

o...~ 
13 

11o 

"~0 
r 14 

= ~  

&=o 

Dimers 

0 

0 

J 

o o OH 0 

0 0 OH OH 
15 

0 0 
EtOH ~ 0  

0 

H OEt 
l f f  17 

I 'x_../ 

o 

18 
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from benzocyclobutenedione (13) has been trapped 157) as the Diels- 
Alder adduet (15) with maleie anhydride (and 1,4-naphthoquinone). 
Interestingly, 14 was not trapped by  ethanol but  rearranged to the 
presumed carbene (16) which reacted with ethanol to give 17. The 
carbene could also be t rapped as the cyclopropane derivative 18 when 
the irradiation was performed in the presence of olefins. Dimers of 16 
were obtained 33,157) when unreactive solvents were used. 

Dimethylcyclobutenedione was reported 27) to give a dimeric product 
upon irradiation. Diphenylcyclobutenedione has been stated 24) to be 
stable to light in benzene or acetonitrile solution in the absence of oxygen. 

Cleavage o/Pyracyeloquinone. An additional example of dione cleavage 
to a ketene intermediate appeared at the time of completion of this 
review. Photolysis 23) of pyracycloquinone (19) in methanol solution 
afforded 30% of the diester 21a with a quantum yield of 0.3. Inter- 

19 

22 

0 0 
II II 
C C 

20 

CH301~ 

CH3OOC COOCH 3 

21a, I t = H  
b, .It = D 

~ :  ? ~ = 0  

mediacy of the bis-ketene 20, was supported by  incorporation of 
two atoms of deuterium (27b) when the reaction was performed in 
CH3OD. No reaction was observed in cyclohexane where 20, if formed, 
would not react further but  could revert to 19. Special structural fea- 
tures are required for this reaction since the dihydro compound 22 
was stable to light; nor has such a cleavage been reported with ace- 
naphthenequinone. I t  might be noted that  any o-quinone is formally 
capable of photolysis to a bis-ketene as illustrated but  no evidence for 
such cleavage has been reported in the absence of oxygen. 

Cleavage of Telramethyltetralindione. Photolysis of 1,1,4,4-tetramethyl- 
2,3-tetralindione (23) has been investigated 60) in a variety of solvents. 
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One of the byproducts observed in some cases was tetramethylindanone 
(24) ; in acetic acid it constituted 6% and in benzene 14% of the total 
product. The most reasonable mechanism for formation of 24 is via 
cleavage and decarbonylation to give the tertiary-benzilic diradical 25 
which can cyclize to 24. The process may be facilitated by the consider- 
able stabilization present in 25. 

23 24 25 

Cycloaddition Reactions 

1. Sulfur dioxide 

The photoaddffion of sulfur dioxide to o-quinones in benzene solution 
to produce cyclic sulfates (26) in fair to high yields was reported by 
Schenck and Schmidt-Thomde 143) in 1953. Products were obtained from 
tetrachloro-o-benzoquinone, 1,2-naphthoquinone, 3-nitro-l,2-naphtho- 

~]~ O h~ > l~O'x 
+ SOz Bz /SO2 

O O 
26 

quinone, phenanthrenequinone and its 2-, 3-, and 4-mononitroderivatives 
but not with tetrabromo-o-quinone, acenaphthenequinone, furil, or benzil. 
With benzil the pinacolic product, benzil-benzoin (vide infra), was 
obtained in unspecified yield. No further investigations of this reaction 
have appeared. 

2. Triphenylphosphine 

Phosphines undergo cycloaddition with diones in the dark 120). Recently, 
a report appeared ~v) describing irradiation of phenanthrenequinone in 
wet benzene containing triphenylphosphine. The product was considered 
to be a hydrate of a species such as 27; intermediacy of 28 was also 
considered possible. No reaction was observed in the absence of water. 

yO -Pe( C6H 5)3 O\ 
fOe I~o/P( Coils)3 ' 

27 28 
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3. Olefins 

The cycloaddition of olefins to o-quinones was first reported by Schon- 
berg 147) in 1944 and has been reviewed recently by Pfundt 120). This 
review, covering the literature to 1966, records more than a dozen 
o-quinones (and benzil) and innumerable olefms which participate in 
photochemical reaction. The only olefinic compounds which failed to 
react were those in which particularly efficient triplet energy transfer 
from quinone to olefin might be expected. In the earlier work, benzene 
soIutions of the reactants were exposed to Cairo sunlight and the pre- 
cipitated product(s) isolated, generally in fair to good yield. I t  was 
assumed in all cases that  1,4-addition of olefin across the dione moiety 
occurred to give 1,4-dioxenes (30); questions of stereoisomerism were 
ignored. 

Reexamination of these reactions beginning in 1965, mainly using 
9,10-phenanthrenequinone (PQ), has shown that  1,4-dioxenes are only 
one of several possible types of products and are not obtained at 
all in certain cases. All of the results reported before 1965 thus serve 
to delineate the scope of the reaction but do not establish structures 
of products and certainly provide no mechanistic insights. The more 
recent results are collected in Table 3. The following scheme serves 
as a reasonable working hypothesis in the light of these results. The 
essential features are excitation of  the dione (direct excitation of olefin 

~ :  h. Rl~ R4 
�9 R2~Rs 

Qo 

Q, �9 Q3 

I Rt~.__1 R S 
!%f--~R4 

RI R2 

~ O R4 

Rt R2 

32 

29 

jT , 
< h~ ~"~O R 4 

Rl 

31 

QO + RI",-.FR3 + 

R2f--"-R4 

R4 

\. 
o ~ ' R 2  

1:11 

30 
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Table 3. Photocycloadditions of diones and olefins since 1965 a) 

A. Phenan th rcncqu inone  

Olefin Solvent  )~ (rim) q~ Dioxene Oxe tane  Other  Lit.  
(%) (%) (%) 

I sobuty lene  

cis-2-Butene 

trans-2-Butene 

Tr imethy le thy lene  

Te t r ame thy le thy lene  

trans-4-Octene 
di - t -Buty le thylene  

Pheny l  vinyl  e the r  

E t h y l  v inyl  e the r  

E t h y l  vinyl  sulfide 

VirLyl chloride 

cis-Stilbene 

t rans-St i lbene 

~,~'-cis-Stilbene-d2 

~, ~'-trans-Stilbene-d 

1,1 -Dipheny le thy lene  

T d p h e n y l e t h y l e n e  

a-Chlorostf lbene 

Indene  

N,N-Dipheny l -  
imidazol ine 

Vinylene  ca rbona te  
(39) 
2,3-Dihydrofuran  

F u r a n  

2-Methylfuran  

2 ,5-Diphenylfuran 

Benzofuran  

2 -Pheny lbenzofuran  

Furocoumar ins  
(40, 4~, 42) 
Furoch romenes  
(43, 44) 

Benzoth iophene-  
dioxide 

N,N-Diace ty l -  
imidazol inone (45) 

Bz > 4 0 5  0.21 b) 75 I0 10 c) 

Bz 405 0.34 b) N 75 d) N 5 9 c) 

Bz 405 0.36 b) ~ 80 d) ,-, 5 9 e) 

:Bz 405 0.45 b) ,,~73 ,,~5 14c) 

Bz 405 0.79 b) 63 2 29 e) 

Bz >300 Vd) V~ 
lOe) 

Bz > 375 48 

- -  > 375 62 

Bz 375 69 

Bz 375 68 t) 

Bz 405 0.14g) V d) 

]3z 405 0.066g) Vd) 

Bz 405 O.17g) V d) 

Bz 405 0.069g) Vd) 

Bz 405 0.035g) 

Bz 405 0. I I g) 

21 e) 

23 r) 

10 e) 

Bz > 375 13 26 

10e) 

Bz > 375 - -  80 

B z  375 11 -- 

- -  375 48 - -  

- -  375 26 d) _ 

Bz 375 34 - -  

Bz 375 - -  80 

Bz 375 37 36 

Bz 375 - -  60--75 

Bz 375 - -  70 

Bz 37S - -  8 

Bz 375 6 58 

54) 

39,54) 

39,54) 

54) 

54) 

39) 

58) 

87) 

87) 

87) 

87) 

30,51,119) 

30,51,119) 

30) 

30) 

30) 

30) 

53) 

87) 

53) 

,52) 

87) 

87) 

87) 

87) 

87) 

87) 

8",,) 

87) 

87) 

159) 
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Table 3 (continued) 

Olefin Solvent X (rim) �9 Dioxene Oxetane Other  Lit. 
(%) (%) (%} 

4-Methyl-N,N-diacetyl- 
imidazolinone (4a) Bz > 375 95 - -  159) 

4-Phenyl-N,N-diacetyl- 
imidazolinone (47) Bz 375 95 --  159) 

1,3-Diphenyl-A 4_ 
imidazolinone Bz 60 6 e) 160) 

1.4-Dioxene --  375 55 40 s@ 

2,3.5,6-Tetraphenyl- 
1,4-Dioxin (48) Bz 375 92 --  86) 

Isocoumarin (49) Bz 375 - -  74 sT) 

2-Phenylisocoumarin 
(50) Bz 375 71 16 87) 

2,2-Dimethyl-3- 
Chromcne (51) Bz 375 25 38 87) 

B. Other  Diones 

Dione Olefin Solvent A (nm) Dioxene Oxetane Lit. 
(%) (%) 

Benzfl Vinylene carbonate  
(39) B z  > 3 7 5  - -  3 7  52) 

Benzil  Xan tho tox in  (42) Bz 375 --  94 s7)  

Benzfl Visnagin (43) Bz 375 --  56 sT) 

Tetrachloro-o- 
benzoquinone cis-stilbene Acetone l) > 400 V d) 33) 

Te~rachloro-o- 
benzoquinone traus-stilbene Bz 400 V d) 34) 

Acenaphthene-  Vinylene carbonate  
quinone (39) Bz > 375 - -  52) 

o-Naphtho- 
quinones Dioxene Bz > 30{) V 179) 

81 

a) For  earlier work see ref. 1~0) 
b) Quan tum yield for disappearance of quinone. 
c) Products  of H-a tom abstract ion.  
a) Mixture of c/s- and/ tans- isomers .  Unspecified yield. 
e) Dioxole. 
t) Including 2:1 adducts  (quinone: olefin). 
g) Quan tum yield for formation of adduct.  
h) React ion occurred a t  the  unsubs t i tu ted  double bond. 
i) Also acetonitrile. A different reaction was observed in benzene. 
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Table 3 (continued) 

R 

R 

39 40, R=R'=H 43, R=H 
~I, I~ =' OCH3, R' =. H 44, I% = OCH 3 
42, R = H, R' = OCH3 

COCH a 

45, R =H ~8 49, R =H 57 

46,  R = CH 3 50, R = CsH s 
47, R = CsH5 

does not lead to cycloaddition) via a singlet state to the n,~* triplet 
followed by formation of an addition product (29) between olefin 
and dione which may then collapse to 1,4-cycloadduct (dioxene, 30) 
and/or 1,2-cycloadduct (keto-oxetane, 31) and/or revert to quinone plus 
starting or isomerized olefin. The keto-oxetane 31 has been suggested 
to be photochemically unstable 87) being converted back to starting 
material 52) and, to a small extent 53) to dioxole (32). With suitably 
substituted olefins, each of the above products (30, 31, 32) may be 
obtained as a mixture of stereoisomers (cf. 34 and 35). 

The scheme above resembles the two-step mechanism for oxetane 
formation by cycloaddition of olefins to monoketones which is generally 
accepted 1-4) to proceed via the n,~* triplet state of the ketone. I t  is 
assumed, by  analogy, that  the same excited state is involved in dione 
reactions. Additional support for intermediacy of the n,~* triplet and 
concomitant stepwise formation of the new bonds derives from a kinetic 
study 3o) of the reaction of PQ with cis- and trans-sfilbene b) where the 

b) It has been suggested 30) in the case of the sfilbenes that the intermediate 29 
may revert to cis- or trans-olefm and thus provide an alternate pathway for 
cis~_trans isomerization which does not involve triplet energy transfer from 
quinone to olefin. It might also be noted that ~cis--~trans = 0.43 and ~trans--~is 
= 0.43 in the PQ-stilbene system, values considerably larger than ~ cycload- 
dition. 
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intersystem crossing efficiency of PQ was calculated to be unity, from 
observation of quenching by  anthracene 54), and observations that  the 
stereochemical integrity of eis- or trans-olefins is not preserved in their 
cycloadducts. The fact that  the relative proportions of cycloadducts 30 
and 31 from tetramethylethylene and PQ were not affected 54) by  a 
quant i ty  of anthracene sufficient to reduce the quantum yield by one- 
half suggests that  1,2- and 1,4-additions involve the same excited state. 

The loss of stereochemical integrity in adducts of PQ has been observ- 
ed with: cis- and trans-2-butene e), both  of which give a mixture of 
dioxenes (30) containing a preponderance of cis-isomer 89,~4); trans-4- 
octene which gave a mixture of cis- and trans-isomers while no cis-4- 
octene was detected in the unreacted olefin 89); cis-ethoxystyrene 119), 
trans-l-phenylpropene 119); and cis- and trans-stilbene 51,119). 

In the latter case, the proportions of cis- and trans-diphenyldioxenes 
(34 and 35) varied with reaction temperature sl) under conditions where 

- 

o 

34 35 36 37 

little stilbene underwent cis-trans isomerization. At 25 ~ the product from 
cis-stilbene contained 7 2 0  of 34 and at 70 o, 60% of 34; the corresponding 
values obtained with trans-stilbene were 19% at 25 o and 35% at 70 ~ I t  was 
suggested that  conversion of intermediate 36, by  internal rotation, to the 
conformer 37 competes with radical coupling and that  the rotation 36 -~ 37 
(or vice versa) involves a small energy barrier. Results of the kinetic 
s tudy 30) mentioned above were also interpreted in terms of a short lived 
intermediate species. Cycloaddition involving a singlet state might be 
expected to proceed directly to product in a concerted fashion. 

A lesser degree of loss of configuration was observed in the reactions 
of cis- 38) and trans-stilbene as) with tetrachloro-o-benzoquinone to give 
dioxenes. The cis-stilbene reaction (in acetone or acetonitrile) afforded 
about 80% of cis-adduct while 88% of trans-adduct as) was obtained 
from the reaction of trans-stilbene (both reactions at 15 ~ 2 > 4 0 0  nm). 
Curiously, irradiation of the quinone and cis-stilbene (or diphenyl- 
acetylene) in benzene solution produced the mono-phenyl ether (33) 

c) The probabi l i ty  of biaeetyl photosensitized cis~_trans isomerization of butenes 
has  been est imated 42,z2a) to be exceedingly small. 
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which was reportedly formed only in trace amounts from reaction in 
the absence of olefin (cf. ref. 131). 

Cl CI 

el" "~'O CsH ~ C6H 5 el- "~ O IC6H5 
cl cl 

33 

Examination of Table 3 shows a pattern of keto-oxetane vs. dioxene 
formation (1,2- vs. 1,4-addition) which is not susceptible to rational 
interpretation at present. Thus, for example, iuran and ethyl vinyl ether 
gave exclusively dioxene, benzofuran gave exclusively keto-oxetane, and 
2-phenylbenzofuran a 1:1 mixture; 1,4-dioxene afforded 55% dioxene 
and 40% keto-oxetane while vinylene carbonate gave exclusively keto- 
oxetane. The only generalization that seems to hold is that substitution 
by methyl or phenyl on the reactive double bond tends to increase the 
relative amount of dioxene formed but it is not clear if this effect is 
steric or electronic in origin. Experiments involving rational variations 
of olefin and d/one structure would be valuable. It should be noted 
that the wavelengths of light used in these experiments were such that 
questions of photoreversibility probably need not be considered. The 
question of 1,2- vs. 1,4-addition also arises in hydrogen atom abstraction 
reactions (vide infra). 

An additional complication appeared in olefin reactions when the 
olefin contained allylic hydrogen atoms (or other abstractable hydro- 
gen, cf. ethyl vinyl sulfide). The hydrogen abstraction reaction illus- 
trated to form 1,2-adducts 38 then competes with cycloaddition. Such 

I o 

+ >c=c-c- 
�9 > O H  I I 

C-C=C< 
/" i 

38 

behaviour has been suggested in the reaction of trans-4-octene a~) 
and was investigated in some detail by Farid  54) in the series isobuty- 
lene, cis- and trans-2-butene, trimethylethylene and tetramethylethy- 
lene. As can be seen from the Table, both the quantum yield for 
disappearance of PQ and the extent of hydrogen atom abstraction 
increase with increasing methyl substitution; with isobutylene the 
quantum yield was 0.21, H-atom abstraction accounted for 10% of 
reaction while with tetramethylethylene the quantum yield was 0.79 and 
included 29~o abstraction. 
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Very little information is available on reactions of unconjugated 
diones with olefins. The reaction of biacetyl with cyclohexene was first 
reported 79) in 1964 and repeated 20) in 1968; in both investigations no 
cycloadduct was observed. Preliminary results suggest 15) that  camphor- 
quinone reacts with cyclohexene to form, in part, a keto-oxetane. 

Recently, reactions of PQ and related quinones with 1,3-disubstituted 
isobenzofurans have been reported 184) to involve 1,4-cycloaddition as 
well as cleavage of the furan ring. 

Hydrogen Abstraction Reactions 

Hydrogen abstraction reactions are characterized by  transfer of a 
hydrogen atom from a suitable donor, often the solvent, to a carbonyl 
oxygen atom of photoexcited dionedL The primary products are a pair 
of radicals (within a solvent cage) which may proceed to stable products 
in a variety of ways as shown in the following general scheme: 

H-abstraction: 

0 $ 0 
~.,~ OH + ~,,~0 + .RH ,~-7~--"- R" 

O II 
RH= ECHO, ~CHOH, - C - O - C H ~ ,  ~-CH-O-, >CH-S--, 9CH, 

(1) 

l H i 
C= C-CH, [ ~ A r - C I t  -, 

Dimerization: 

O O O 

HO OH 
or  qu inhydrone  (2) 

2 E .  ~ E - E  (3)  

d) This process involves reduction of the carbonyl compound and  concomitant  oxi- 
dat ion of the  H-donor. The term photoreduction,  referring to the  carbonyl  
compound, is often used to designate these reactions. While this  has the  meri t  of 
indicat ing the  mechanist ic similarity of the  initial step, i t  does not  necessarily 
describe the  nature  of the overall process. Consistent with  the  suggest/o~ t h a t  
photochemical  processes be described in terms generally used to classify organic 
reactions, i t  seems more appropriate  to  refer to  photoreduction,  photopinacoliza- 
t/on, photoaddit ion,  etc. 
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Reduction: 

o 
2 ~ , ~ O H  

O O H OH 
. 

0 

~ " ~  OH + RH * ~ O H  + R" (~) 

+ R- * + (RH-2H) (6) 

Coup~ng: 

O 

O /~<~ (7) 
OH 

OR ...~o~r (8) 

An alternative scheme was proposed by Moore and Waters 100) to 
account for the high yield obtained in the reaction of benzaldehyde with 
phenanthrenequinone. They suggested that the initially formed radical 
R .  adds to a ground-state quinone molecule to give a new radical 
which then abstracts hydrogen from RH to regenerate the radical R .  

0 OR OR 

R. + ~ 0 , ~0' RH /~OH + R . ,  

thus providing a chain mechanism for the photoaddition. With the 
exception of the reaction of phenanthrenequinone with ethanol 1Bs~ (vide 
infra), quantum yield data and effects of inhibitors 134) do not support 
such a proposal. Also, attempts to initiate reactions by thermal de- 
composition of peroxides have given 20,127) results which do not parallel 
photoreactions. 

The reactive state in H-abstraction is generally accepted to be the 
n,~* triplet by analogy with conclusions reached in the well-studied 
H-abstraction reactions of monoketones 1-4) and of p-quinones x58). This 
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view is supported by (a) occurrence of reaction upon irradiation at the 
long wavelength n,~r* region of dione absorption, (b) the high intersystem 
crossing efficiency of diones (vide supra), (c) the observation of radicals 
as intermediate products, and (d) sensitization by triplet sensitizers. 
However, participation of singlet states to some degree or in special cases 
cannot be excluded. 

There is evidence that some of these reactions may be photochemically 
reversible. Thus, irradiation of the adduct of phenanthrenequinone and 
dioxane in benzene solution led to a mixture having approximately the 
same composition as that obtained from irradiation of dioxane and the 
quinone 128). Irradiation 1~3) of the adducts of this quinone with benz- 
aldehyde or p-xylene also resulted in regeneration of qulnone. 

In the following discussion, general aspects of H-abstraction will be 
discussed first followed by a summary of specific results classified ac- 
cording to H-donor. 

I. I n d i v i d u a l  Steps 

A. The Hydrogen Abstraction Step 

1. The Dione 

With the exception of those diones which undergo ~-cleavage because of 
special structural features (vide supra) all diones participate in H-ab- 
straction to some degree. As noted earlier, H-abstraction has even been 
observed in the gas phase (with hexafluorobiacetyl 160)). However there 
is little, if any, evidence which allows comparisons of the reactivities of 
different diones. Kinetic constants have only been determined in one 
series of compounds 54) and quantum yields only in the few cases sum- 
marized in Table 4. 

The quantum yield provides a measure of the relative rate of chemical 
reaction vs all deactivation processes. From this point of view, it can be 
seen from Table 4 that the intermolecular reactions of phenanthrene- 
qulnone and the intramolecular reactions of dimethyloctanedione and 
decanedione are more efficient than the intermolecular reactions of 
camphorquinone. However, no comparisons of reactivities can be made 
between different reactions having quantum yields of unity. Further, 
there is no guarantee that the rate of H-abstraction by excited-state 
camphorquinone is less than the rate of abstraction by phenanthrene- 
quinone simply because quantum yields are lower with camphorquinone. 
The possibility that dione may be regenerated by some process subsequent 
to H-abstraction (e. g. reaction 4 in the general scheme) should also be 
considered. 
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Table 4. Quantum yields for disappearance of diones in the presence of hydrogen atom 
donors 

Dione H-Donor Solvent ~t(/~) r Lit. 

2,7-Dimethyl-4,5 -- 4358 1.13 164) 
octanedione 
5,6-Decanedione 
Camphorquinone benzaldehyde 
Camphorquinone dioxane 
Camphorquinone p-xylene 
Camphorquinone methanol 
Camphorquinone 2-propanol 
Camphorquinone 2-propanol 
Camphorquinone 2-propanol 
Camphorquinone 2-propanol 
Phenanthrenequlnone benzaldehyde 
Phenanthrenequlnone dioxane 
Phenanthrenequmone ethyl acetate 
Phenanthrenequmone p-xylene 
Phenanthrenequmone ethanol 
Phenanthrenequmone benzene 
Phenanthrenequmone olefins 

C2HaOH 

C2HsOH 4358 1.01 le4) 
- -  4358 0.3 127) 
- -  4358 0.2 127) 
- -  4358 0.07 129) 
-- 2537 0.02 99) 
-- 2537 0.06 99) 
-- 3660 0.06 a) 29) 
-- 3660 0.26--0.90 b) 99) 
-- 3130 0.10--0.39 b) 99) 
- -  4358 1 127,134) 
- -  4358 1 127,134) 
- -  4 3 5 8  1 1 3 2 )  

- -  4358 0.5 127,134) 
benzene 4358 0.75--4.95 c) 165) 
-- 4358 0.25 131) 

>405 nm d) 54) 

a) Sensitized by m-methoxyacetophenone. 
b) Sensitized by benzophenone. Quantum yield varied with dione cone. 
e) Quantum yield varied with quinone and ethanol concentrations. 
a) Overall quantum yields for cycloaddition and H-abstraction were given, of. 

Table 3. 

2. The Hydrogen  Donor  

The types  of compounds  present ly  known to  donate  a hydrogen  a tom to  
photoexci ted quinones include aldehydes,  p r imary  and secondary  alco- 
hols, esters and  lactones, ethers and thioethers,  olefins hav ing  allylic 
hydrogen  atoms, alkylbenzenes, benzene, and sa tura ted  hydrocarbons.  
This list is undoub ted ly  incomplete.  Acetone, me thy l  e thyl  ketone, 
acetic acid, and  t -butyl  alcohol react  ext remely  slowly. 

Conversion of reactive compounds  to the corresponding radicals can 
occasionally be inferred from products  of reaction. I n  mos t  esr studies 
of dlone photolyses these radicals have no t  been observed, presumably  
because of short  lifetimes, bu t  recent ly  Zeldes and Livingston 171) detected 
the  d ioxanyl  radical f rom photolysis of biacetyl  in dioxane solution. The 
wide var ie ty  of compounds  which are conver ted  to  the  corresponding 
radicals is of considerable theoretical  interest  since format ion of m a n y  
different types  of radicals can occur under  comparable  conditions allow- 
ing quali tat ive and  quant i ta t ive  comparisons of their behaviour.  
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Little information is available on relative reactivity of H-donors. 
From the quantum yield data in Table 4 it can be seen that  quantum 
yields for reaction with camphorquinone decrease in the series benzal- 
dehyde, dioxane, p-xylene (4358 A) and 2-propanol, methanol (2537 A). 
With phenanthrenequinone at 4358 ~,  ethanol, benzaldehyde, ethyl 
acetate, and dioxane are more efficient donors than p-xylene or benzene. 
Relative rates of reaction have been determined by  competition experi- 
ments in only one series. With phenanthrenequinone (not under irrevers- 
ible conditions) the relative rates for benzaldehyde, dioxane, and p- 
xylene were 138) 50:3: 1. 

Competition of a different kind occurs in reactions of esters and lac- 
tones since these compounds contain hydrogen atoms alpha to a carbonyl 
group and alpha to an ether function. A :#riori, abstraction of either type 
of hydrogen might be expected. In fact, reaction of phenanthrenequinone 
at 4358 A led in quanti tat ive yield to products of reaction at the carbon 
atom alpha to the ether function (52, 53) in ethyl acetate 132) ethyl 
propionate 132), and 7-butyrolactone e) 110) 

 oDoL.. 
OH OH 

52 R=H, ci-I, 53 

I t  is difficult at present to establish the factors determining ease of 
H-donation by  various species. I t  would seem reasonable to assume that  
the stability of the radical being generated would be reflected in the 
transition state for abstraction. This leads to the conclusion that  a-keto 
radicals are appreciably less stable than ether radicals in agreement with 
the results of Russell and Lokensgard 135) who concluded from esr spectra 
that  the odd electron in a-keto radicals is largely localized on the a-car- 
bon atom. However, polar factors may  also play a significant role. 
Walling and Gibian 167) have shown that  rates of photochemical H- 
abstraction by  benzophenone from a series of substituted toluenes fit a 
Hammet~ relationship and Zwitkowits 172) has observed similar trends 
with phenanthrenequinone. If the transition state for H-abstraction 
partakes of the supposed electron deficient character of the oxygen atom 
in the n,n* state of ketones, the ability of the carbon atom from which 

e) I t  is interesting to note tha t  alkylation 1~2) of 7-butyrolactone in a radical chain 
process occurred at  the carbon atom alpha to the carbonyl group. 
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abstraction is occurring to stabilize positive charge might help to reduce 
the energy of activation. Indeed, acylonium ions, oxonium ions, benzylic 

/•C=O .... H .... C~ 

and allylic carbonium ions are energetically much more favorable than 
positive charge adjacent to a carbonyl or nitrile group in qualitative 
agreement with the overall trends and the substituent effects observed. 

3. The Semidione Radical 

The inference that  semidione radicals are intermediates in diketone 
photolysis has been widely accepted for many years since it provides a 
satisfactory rationale for the results observed in many reactions. Recent- 
ly, direct evidence for the presence of these radicals has been obtained 
from flash photolysis x3) of benzil in alcoholic solvents and esr studie 
of irradiated solutions of biacetyl 12,171,1s3), camphorquinone 99,183), 
and other diones 183). The related radical anions, generated by  chemical 
means, have been studied extensively 5,31,13~) and reports of the radical 
cations have also appeared 111,137). 

HO 0 oO 0 

I II I II 
C6H5C--C C6H5 ~ C6HsC--C CsH5 + H+ 

Beckett, Osborne, and Porter 13) calculated a ~bK of 5.9 for the disso- 
ciation of the semidione radical obtained from benzil. Norman and 
t~ritehett 111) have suggested that  radical cations are strong acids. 

The semidione radical derived from open-chain diones may, like the 
diones themselves, assume various conformations. I t  has been assumed 
that  the preferred conformation is "s-trans" but  results appear to vary  
with the method used for generating radicals. The conformational factor 
might play a role in determining the relative importance of subsequent 
reactions. 

Two resonance structures, in which the odd electron is localized on 
carbon (54) or on oxygen (55), may be written for a semidione radical. 
Based on the conclusion 13s~, mentioned earlier, that  the odd electron 
of a-keto radicals is mainly localized on carbon, the canonical form 55 

o .o 

54 55 
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may be relatively unimportant. Writing the two forms emphasizes the 
fact that radical coupling involving the semidione radical occurs both at 
carbon and at oxygen, but is not a necessary condition for such ambident 
character. In the case of quinones, additional resonance forms in which 
the odd electron is localized on carbon atoms of the quinone skeleton may 
also be written and one case of nuclear substitution (4-cyano-l,2-naph- 
thoquinone) has been reported s,144). 

Two different semidione radicals might be formed from an unsymmet- 
rical dione and these could then undergo further reaction to form two 
isomeric products. Thus, for example, photolysis 1~.9) of camphorquinone 
in p-xylene solution afforded the isomeric 1,2-adducts 56 and 57 in 
approximately 2 : 1 ratio. At first glance it might seem that the prepon- 

+ ArCH 3 ~ + CHzAr 
H 

O CH2Ar 

56 57 

derance of 56 over 57 reflects the greater ease of formation of semidione 
58 vs. 59 due to steric factors, and that the product composition is deter- 
mined in the H-abstraction step in which 58 and 59 are formed. However, 
Monroe, Wether, and Hammond 99) concluded, on the basis of the sim- 
plicity of its esr spectrum, that the semidione radical derived from 
camphorquinone has the symmetrical structure 60 or involves rapid 
(on the esr time scale) tautomerization between 58 and 59, as illustrated. 

o 

58 59 60 

(Norman and Pritchett 111) concluded that rapid tautomerization is in- 
volved in chemically generated biacetyl semidione radical; the results 
Zeldes and Livingstone xT1) observed with the photochemicaUy generated 
radical differ). If this view is correct, product composition is determined 
in a step subsequent to H-abstraction. This is in agreement with the 
results obtained a30) with camphorquinone and aromatic aldehydes in 
benzene solution where the two isomeric products 61 and 62 were ob- 
tained in equal amounts in contrast to the results with #-xylene. This 
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result cannot be explained by  the assumption that  initial H-abstraction 
determines product ratios since there is no reason to believe that  there 
should be any significant difference between the two cases. The result is 
explicable in terms of a symmetrical specie or rapidly equilibrating tau- 
tomers where steric hindrance to coupling at carbon favors formation 
of 56 over 57 but  no steric effect is felt at the more remote oxygen atoms. 
The problem of coupling at oxygen vs. coupling at carbon will be discussed 
in the section on radical coupling. 

+ ArCHO �9 + COAt 

~"0 
OCOAr 

61 62 

A novel method for generating semidione radicals has recently been 
reported by  Monroe, Weiner, and Hammond 17s) who found that  the 
quantum yield for photoreduction of camphorquinone in 2-propanol was 
markedly enhanced when benzophenone was added and the solution 
irradiated at wavelength 3660/~ where most of the light was absorbed by  
benzophenone. Instead of benzpinacol formation, the dione underwent 
photoreduction. Similar enhancement was not observed with m-methoxy- 
acetophenone which does not abstract hydrogen from 2-propanol. The 
conclusion was that  the ketyl radical, formed in the efficient H-abstraction 
reaction of benzophenone, transferred a hydrogen atom to camphor- 
quinone to generate the semidione radical. I t  was suggested that  this 
phenomenon be called "chemical sensitization". 

O O 

B. Dimerization of Intermediate Radicals 

The inital H-abstraction step results in formation of a pair of radicals in 
a solvent cage. To the extent  that  one of the partners escapes from the 
cage, encounters between like radicals will be possible and dimeric 
products may  be formed. Thus dimers of the semidione radical, of the 
radical derived from the donor, or both  are sometimes observed. 

In fact, dimerization of semidione radicals appears to be important  
only with the open chain diones biacetyl and benzil (and possibly hexa- 
fluorobiacetyl). The diketopinacol (63, R = C6H5) was first obtained by  
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Klinger s2) in 1886 and called benzilbenzoin since it decomposed ther- 
mally to benzil and benzoin; the accepted structure was proposed by 
Cohen 41) in 1916. This compound was the only product reported from 
reactions of benzil in ether s2), alcohols 40,41), aldehydes 17), and alkyl 
benzenes 17) (except acenapththene 96)); some of these results bear 

0 0 O 

2 R " R- ]---[ -R CsH5 
1% R R 

63 

repetition. Biacetyl gave exclusively diketopinacol (63, R=CHs) in 
alcohol solutions 21,41,16~) and appreciable yields s0) of 63 in other sol- 
vents. Other semdione radicals show little tendency to dimerize. 2,3- 
Pentanedione and higher aliphatic diones undergo 163,164) an efficient 
intramolecular reaction; all the cyclic a-diketones whose photochemistry 
has been investigated (camphorquinone, a,a'-tetramethyldiones) present 
considerable steric hindrance to dimerization; phenanthrenequinone 
afforded quinhydrone in some cases. 

The hydrogen donors for which dimers of the corresponding radical 
have been reported are hydrocarbons. Thus biacetyl 2o,7o) and camphor- 
quinone 15) reactions with cyclohexene afforded, in part, bicyclohexenyl. 
Dimers have also been reported in reactions of alkylbenzenes 15,sojol, 
129,133), diphenylmethane 14s), and thioxanthene 14s) (64). 

64 

Biphenyl was observed 13i) in the photoreaction of phenanthren- 
equinone with benzene. A four percent yield of a dimer of diethyl ether 
has been reported s0). Minor amounts of dimeric products in other cases 
may have been overlooked. 

Rate constants for dimerization of a number of semidione radicals 
have been determined is3) recently and lie in the range 2--4 X l0 s M -1 
sec -1. 

C. Reduction 

Transfer of a hydrogen atom to a semidione radical results in overall 
reduction of diones to ~-hydroxyketones or enediols (dihydric phenols). 
Sinces these are in tautomeric equilibrium no distinction has been pos- 
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sible between the two possible routes to a given product, as illustrated 
below. Dihydfic phenols undergo ready oxidation to quinones upon 
exposure to air but  their presence in deoxygenated solutions has been 
indicated 89,1~1). 

0 
0 ~ 0 I - I  

OH 

Reduction is observed principally with those a-diketones which do 
not form diketopinacols (63) including camphorquinone 15,97,99) tetra- 
methyltetralindione s0), and 2,2,5,5-tetramethyltetrahydrofuran-3,4- 
dione 15). A low yield of benzoin was reported 37) in the reaction of cyclo- 
hexane solutions of benzil. The isomeric diols obtained from camphor- 
qninone had the endo configuration 15,97,99). 

The best condition for reduction is use of a primary or secondary alco- 
hol as hydrogen donor since the resulting carbinyl radicals show little 
tendency to couple and are readily converted to aldehydes or ketones by  
transfer of a second H-atom. Quantitative yields of reduction products 
have been obtained with 2-propanol. I t  has been suggested 178) that  two 
semidione radicals may disproportionate affording one molecule of reduc- 
tion product and regenerating a dione molecule. The rate constants for 
a number of such disproportionation have been determined xs3) recently 
and lie in the range 1--4 • 107 M -x sec -1. 

o o o 

Polarographic reduction of diones was influenced by  irradiation with 
light 9.1,2~). 

D. Radical Coupling 

With the exception of reactions involving alcohols as hydrogen donors, 
the major process observed upon irradiation of diones in the presence of 
H-donors is formation of 1 : 1 adducts derived from coupling of the pair 
of radicals generated in the H-abstraction step. The ambident character 
of the semidione radical allows such coupling to occur at either of two 
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O R 
o ] 

~  + 

positions, coupling at carbon resulting in overall 1,2-addition to the dione 
and coupling at oxygen in overall 1,4-addition. (As noted earlier, one 
case of nuclear coupling has also been reported 8,144).) Formation of 
adducts could be a concerted process, as illustrated, in reactions proceed- 

O O 

ing via a singlet excited state; as has been discussed earlier, it seems much 
more likely that  triplet states are involved, in which case a concerted 
process is not possible. 

In those cases where a hydrogen atom is located on a carbon gamma 
to a carbonyl group, intramolecular H-abstraction can occur and radical 
coupling then results in formation of a four membered ring. This process 
occured with high efficiency with certain aliphatic diones 1~3,1~4), the 
only compounds investigated to date in which such intramolecular H- 

oH. R . R HRO~ 

R' 1%'- "0  
O 0 

65 

abstraction is feasible. The exclusive products are cyclobutanolones (65) ; 
this specificity was at t r ibuted to favorable conformational factors. The 
analogous reactions of monoketones are much more complex. 

Coupling at both carbon (1,2-addition) and at  oxygen (1,4-addition) 
of the semidione is observed in other cases. In general, o-qulnones exhibit 
a greater tendency to couple at oxygen than do cyclic diketones or bia- 
cetyl. The position of coupling also varies with the hydrogen donor. 
Aromatic acyl radicals combine almost exclusively at oxygen, aliphatic 
acyl radicals and ether radicals exhibit mixed behaviour but  with a greater 
tendency to combine at oxygen than benzyl radicals. 
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Both polar and steric factors play a role in determining the orienta- 
tion of coupling with the semidione radical. The steric factor is illustrated 
in the reactions of camphorquinone with aldehydes. Aromatic aldehydes, 
butyraldehyde and pivalaldehyde reacted 15,130) exclusively to give 1,4- 
adducts but acetaldehyde gave a mixture of both 1,2- and 1,4-adducts. 

The importance of polar factors was shown a24) in a series of reactions 
of substituted toluenes with plienanthrenequinone under irreversible 
conditions (4358/~). These reactions produced mixtures of 1,2- and 1,4- 
adducts (66, 67) ; the ratio 66:67 decreased in the sequence p-methoxy- 
toluene, p-t-butyltoluene, p-methyltoluene, toluene, p-nitrotoluene. In 
other words, greater electron-supplying ability of a p-substituent resulted 
in a higher proportion of coupling at carbon. It was suggested 184) that 
the semidione radical is polarized by the inductive effect of the oxygen 
atoms so that there is slightly decreased electron density at carbon; 
increase of electron density at the reactive position of the donor radical 
should then enhance the rate of coupling at carbon, and vice versa. This 
suggestion is predicated on the assumption that radical coupling is an 
exothermic process of low activation energy and, therefore, the transition 
state closely resembles the reactants. This factor may also contribute to 
the greater tendency of o-quinone semidiones to couple at oxygen. 

§ , + 

" ~  "OH 
0 0 OCH2Ar 

66 67 

An additional factor, electron transfer from H-donor radical to semi- 
dione radical, may play a role in the transition state for radical coupling. 
As illustrated below, this results in contribution from two stabilized 

o o 
~"OH "R ~ r ~"(~H Re 

species, the enolate ion of a-hydroxyketone and a carbonium ion (e.g. 
acylonium, oxonium, or benzyl carbonium ion). This effect, which has 
been suggested 16~) in radical additions to neutral molecules, could be 
reflected in relative rates of radical coupling and conceivably could be 
involved in orientation effects. 

Products of photoaddition, particularly of o-quinones, may exhibit 
appreciable light absorption and be subject to further photoreaction. 
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Thus, irradiation 1~2) of phenanthrenequinone in anisole at 4358A 
produced a 1,4-adduct which rearranged to 1,2-adduct upon irradiation 
at shorter wavelength. Similar photorearrangement 1am of the 1,4-adduct 
(67, Ar-----:~-CH3CsH4) of :~-xylene and phenanthrenequinone was 
shown 184.1~2) not to involve reversal to quinone and p-xylene. Presum- 
ably, the adduct is cleaved to the same pair of radicals from which it was 
formed, followed by recombination and so on until the more light stable 
product is formed. Irradiations of quinones at short wavelengths should 
be interpreted with care. 

"- +i~. ~ OH 
01% O. h, 0 

II. Reactions of Diones  and Hydrogen  Donors 

A. Diones with Aldehydes 

The diones and aldehydes whose photoreacfions have been reported are 
summarized in Table 5 where it can be seen that this system has been 
investigated almost to excess. Most of the quinone reactions were per- 
formed in Cairo sunlight using benzene solutions of quinone containing a 
moderate excess of aldehyde. The adducts crystallized from solution 
usually in good to excellent field; no attempts were made to analyze the 
total reaction product. With one exception, all quinone adducts are 
products of 1,4-addition; both cyclic 146) and open-chain s3) tautomeric 
structures have been proposed for these enediol monoesters. Infrared 

+  cHo , . " It 
o c R  

0 

spectra of the phenanthrenequinone-benzaldehyde adduct show that 
the open-chain form is predominant (if not exclusive) in the solid 
state 10O,l~g) and in methylene chloride solutionlZS); spectra of p- 
tolualdehyde, m- and ~b-nitrobenzaldehyde, and ih-cyanobenzaldehyde 
adducts in the solid state were similar to that of the benzaldehyde adduct. 
Some of the quinones investigated are unsymmetrical and two open- 
chain forms, interconvertible through the common cyclic form, could be 
formed. No information is available on this point. 
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Table 5. Dione-aldehyde photoreactions 

Dione Aldehydes 

3,4-Hexanedione 

4.5-Octanedione 

Benzil 

Tetramethyl-3,4- 
tetrahydrofurandione (72) 

Camphorquinone 

1,1,4,4-Tetramethyl- 
tetralindione (73) 

Tetraehloro-o-quinone 

Tetrabromo-o-quinone 

o-Naphthoquinone 

4-Chloro- 1,2-Naphthoquinone 

6-Bromo- 1,2-Naphthoquinone 

3,4-Dichloro- 1,2-naphthoquinone 

4-Cyano-l,2-naphthoquinone 

4-Cyanomethyl- 1,2-naphthoquinone 

4- (2',5'-Dimethylphenoxy) - 
1,2-naphthoquinone 

4-(3',5"-Dimethylphenoxy)- 
1,2-naphthoquinone 

4-(fl-Naphthoxy)-l,2- 
naphthoquinone 

Aeenaphthenequinone 

Propionaldehyde 16s> 

n-Butyraldehyde 163) 

Isobutyraldehyde 16), benzaldehyde 16,84) 
Salicylaldehyde 16) 

Acetaldehyde 15), propionaldehyde 15), 
n-butyraldehyde 15), bertzaldehyde is), 
anisaldehyde 15) 

Acetaldehyde 130), propionaldehyde 130), 
n-butyraldehyde lzo), pivalaldehyde lzo), 
phenylacetaldehyde 180), benzaldehyde x30) 
p-tolualdehyde 130), anisaldehyde 130), 
p-chlorobenzaldehyde 1~0), 
p-nitrobenzaldehyde 130) 

n-Butyraldehyde 60), benzaldehyde 15), 
anisaldehyde 15), p-chlorobenzaldehyde 15) 

Acetaldehyde 145), Benzaldehyde 145), 
p-tolualdehyde 145), anisaldehyde 145), 
cinnamaldehyde 145) 

p-Tolualdehyde 145), anisaldehyde 145) 

Acetaldehyde 8) 

AcetaldehydeS), p-nitrobenzaldehyde 8) 

Benzaldehyde lO6), m-tolualdehyde lO6), 
p-tolualdehyde 105), o-methoxybermaldehyde 
i0~), anisaldehyde lOS), o-chlorobenzaldc- 
hyde lo6) 

Anisaldehyde 145) 

Acetaldehyde s,144), propionaldehyde 144), 
anisaldehyde 144), p-nitrobenzaldehyde ~44) 
cinnamaldehyde 144) 

Acetaldehyde 8) 

Acetaldehyde 8) 

Acetaldehyde 8), anisaldehyde 8) 

Anisaldehyde s) 

Benzaldehyde 156), anisaldehyde 156), 
salicylaldehyde 156), cinnamaldehyde 156) 
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Dione Aldehydes 

9,10-Phenanthrenequinone 

3-Phenylbenzo(f)quinoxaline-5,6- 
quinone (74) 

Chrysenequinone 

1,2-Benzophenazine-3,4- 
quinone (75,) 

Retenequinone 

Benzo(h) quinoline-S,6- 
quirtone (76) 

2-N-Phenyl-a, fl-naphtho- 1,2,3- 
triazolequinone (77) 

Acetaldehyde s3). chloral s4), isovaleralde- 
hyde 83), benzaldehyde 83,100,128.146), 
p-isopropylbenzaldehyde 15o), anisaldehyde 
s4,1oo) 2,4-dimethoxybenzaldehyde 150), 
salicylaldehyde 84), furfural 84), p-chlorobenz- 
aldehyde 146), phthalaldehyde lo8), isoph- 
thalaldehyde lo6), terephthalaldehyde lO6) 
cinnamaldehyde 84), 2-methoxy-l-naphth- 
aldehyde 15o), 2-formylquinoline 105) 
9-anthraldehyde tos), 3-pyrenealdehyde to6) 
p-tolualdehyde 172), p-nitrobenzaldehyde 172), 
m-nitrobenzaldehyde 172), 
p-eyanobenzaldehyde 172) 

Benzaldehyde 106), or lOa), 
p-tolualdehyde 106), o-methoxybenzalde- 
hyde 106), anisaldehyde 106), o-ehlorobenz- 
aldehyde 106) 

Benzaldehyde 104), anisaldehyde 104) 
9-anthraldehyde los) 

Benzaldehyde 151), anisaldehyde 151) 

Anisaldehyde lo4), 9-anthraldehyde 105) 

Benzaldehyde 107), p-tolualdehyde 107) 
anisaldehyde 107), o-chlorobenzaldehyde 107) 

Anisaldehyde xo8) 3,4-diethoxybenz- 
aldehyde 108) 

0 0 
72 74 73 

0 
76 

%I-15 / 

0 
77 
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The single exception to 1,4-addition is 4-cyano-l,2-naphthoquinone 
which reacted normally with aromatic aldehydes but underwent s.14a) 
nuclear substitution to give 1,2-dihydroxy-3-acyl-4-cyanonaphthalenes 
(69) with acetaldehyde (unspecified yield) and propionaldehyde (17~/o 
yield). The structural assignments were based on chemical and spectro- 

O OH 

+ RCHO > R= CH 3 
CoR CH3 cH2 

CN CN 
69 

OH OH 

CN CN 

70 77 

scopic evidence. The result can be rationalized in terms of the usual 
semidione radical intermediate (70) since one of its canonical forms (71) 
has the odd electron localized at C-3. Analogous products did not crystal- 
lize from irradiations of other 1,2-naphthoquinones. Further investigation 
would appear to be desirable. 

The enediol-monoesters initally formed by 1,4-addition of aldehydes 
to ~-diketones tautomerize to the more stable keto-form so that the 
observed products are ~-acyioxyketones. In reaction of camphorqui- 
none 1~,130), the acyloxy group had the more stable, endo configuration 

.l>- 3900 + OH 
+ ArCHO ~ OCOAr COAr 

73 78 79 

in both isomers (61, 62, formed in 1:1 ratio). Esterification of photo- 
reduction products of camphorquinone produced 15) the same esters 
indicating that stereochemistry of both processes is identical. 

1,4-Addition has been the exclusive result in all reactions of aromatic 
aldehydes reported to date with the exception 15) of reactions of aromatic 
aldehydes with 1,1,4,4-tetramethyl-2,3-tetralindione (73). These reac- 
tions afforded high yields of adduct mixtures containing 1,4-adduct (78) 
and a small fraction of 1,2-adduct (79). This observation should allow 
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evalution of polar factors in aldehyde addition reactions. Reactions of 
4,5-octanedione in butyraldehyde and 3,4-hexanedione in propion- 
aldehyde produced is3) 1,4-adducts in addition to the cyclobutanolones 
resulting from intramolecular reaction. 

Cyclic diketones showed a greater tendency to undergo 1,2-addition 
with aliphatic aldehydes. As noted earlier, camphorquinone gave ~o)  

approximately equal amounts of 1,2- and 1,4-adducts with acetaldehyde 
but only 1,4-adducts with butyraldehyde or pivalaldehyde. Tetramethyl- 
tetrahydrofurandione gave zs) about 30% of 1,2-adduct and 73 gave 
50~/o with butyraldehyde. 

The reaction of phenylacetaldehyde with camphorquinone produced 
130) about 10% of 1,4-aldehyde adduct (67, 62) but the major product 
was a mixture of isomers (56, 57) identical with those obtained by reac- 
tion of the dione with toluei~e. Clearly, the intermediate phenylacetyl 
radicals underwent decarbonylation to form benzyl radicals. 

~0~)+ CsI~sCH2 CliO + C6HsCH2~O - - ~  61 + 62 

56 + 57 q 

Ar = Cell s 

1 
c6H55n2 + co  

As usual, the only product reported 16,s4) from reactions of benzil in 
the presence of aldehydes was benzilbenzoin (63). The reported failure lo  
of benzil to react with valeraldehyde, furfural and cinnamaldehyde seems 
questionable. 

The crystalline product obtained from reaction of chloral with 
phenanthrenequinone was reported sa) to be chlorine free. 

B. Diones with Alcohols 

The well-known fact that primary and secondary alcohols are efficient 
donors of H-atoms is emphasized by the fact that the strongest esr 
signals for semidione radicals were obtained 99,x71) when diones were 
irradiated in 2-propanol solution. The subsequent fate of the semidione 
radicals depended on their structure; open chain species giving diketopi- 
nacols and cyclic species undergoing reduction. 
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Thus, biacetyl was converted to 63 (R=CH3) in high yield in ethanol 
41; and 2-propanol ~o,18s; solution and benzil to benzilbenzoin (63, 
R=C6Hs) in ethanol 40) and 2-propanol 37). 

Reduction to a-hydroxyketones has been observed with tetramethyl- 
tetrahydrofurandione (72, 2-propanol 15)), camphorquinone (methanol 
97,09), 2-propanol 15,99)), 3,3-dimethylindanedione (80, methanol, 
ethanol, 2-propanol 85)), tetramethyltetralindione (73, methanol, 2-pro- 
panol 60)). The only quinone which has been reacted with alcohols is 
phenanthrenequinone (ethanol 165;, cholestanol l~s)). These reactions 
were unexceptional except for the following points. 

0 0 

80 81 

The two carbonyl groups in the indanedione 80 differ in that one is 
conjugated with the aromatic system and the other is not. Reaction was 
stated 65) to lead exclusively to reduction of the unconjugated carbonyl 
group (compound 8J). 

The reduction of phenanthrenequinone was mentioned earlier as the 
only example of a hydrogen abstraction reaction having a quantum yield 
greater than unity. A chain process was suggested 165) in which an 
hydroxyethyl radical transfers an H-atom to ground state quinone and 
the resulting semidione radical abstracts hydrogen from ethanol to give 
reduced quinone and a new hydroxyethyl radical. 

0 0 
~0 + CH3~FIO H ~ ~ O H  + CHsCHO 

o OH 
~Ol-I + CH3CH2OH ---~ ~OH + CH3CHOH 

The endo-configuration of the hydroxyketones 82 and 83 formed from 
camphorquinone has been unequivocally established 15; and shown to be 
related to configurations of the aldehyde adducts. This stereochemical 
result requires attack from the normally more hindered side of the 
molecule. As discussed earlier (cf. Table 4) m-methoxyacetophenone 
sensitized the reduction of camphorquinone in 2-propanol, and benzo- 
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phenone effected a new type of sensitization by transfer of hydrogen from 
benzophenone ketyl to camphorquinone. 

OH HzOH 
H "O 

OH CH2OH 

82 83 84 85 

Alcohols are usually oxidized to aldehydes or ketones in these reac- 
tions; cholestanone has been isolated 12s) from reaction of cholestanol 
and phenanthrenequinone in benzene solution. Two cases have been 
reported, both involving reactions in methanol, where the intermediate 
hydroxymethyl radical coupled (in part) with semidione radical. Thus, 
the 1,2-adducts (34%) 84 and 85 were obtained 99) with eamphorquinone 
at 2537 A in addition to 82 and83 (66%). 1,2-Adduct (35%) predominated 
60) over reduction product (18%) in reaction of 73 in methanol. This 
reaction led to a very complex mixture of products, some or all of which 
may reflect reactions of the monohemiketal since light filtered through 
Pyrex was used and decolorization of the dione was observed in methanol 
solution. 

Tertiary alcohols are fairly resistant to reaction with diones. 

C. Diones with Ethers and Thioethers 

Photochemistry of diones began with Klinger's 82) report of the sunlight 
reactions of benzil and phenanthrenequinone with diethyl ether but 
reactions of diones with ethers have been investigated to a very limited 
extent since then. The reported reactions include biacetyl (dioxane ~0)), 
benzil (diethyl ether s~), dioxane l~.s)), tetramethyltetralindione (73, 
dioxane 60)), tetrachloro-o-benzoquinone (dioxane xas)), acenaphthene- 
quinone (dioxane 12s)) and phenanthrenequinone (diethyl ether s~.) 
di-isopropyl ether 1~7) d.i-n-butyl ether 127) tetrahydrofuran lz8), 
dioxane 128), anisole 128), methoxycholestane (86) lzs) methoxy-5- 
cholestene 1~8)). 

The only reactions which proceeded with good yields were those of 
phenanthrenequinone. With the exceptions of the steroid ethers, the 
ether was used as solvent and 1,4-adducts (87) could be isolated in high 
yield when irradiations were performed at ~ >3900 A. At shorter wave- 
lengths the dioxane and anisole adducts rearranged to the corresponding 
1,2-adducts (88), rearrangement of the anisole adduct being quite facile. 
The 1,4-adducts of aliphatic ethers were unstable in air 1~7). 
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86 87 88 

With 73, only 1,2-adducts (89, a mixture of diastereomers) were 
obtained in addition to 8% of reduction product of 73 and an unexplained 
19% of anhydride 90 (the reaction was reportedly run in inert atmos- 
phere). 

o 

O (CH 3 CO) 2 COH 

89 90 91 

The reaction of biacetyl and dioxane was complex affording modest 
yields of 1,2-adduct, diketopinacol 63, acetyldioxane, and compound 91 
whose origin is obscure. Benzil in diethyl ether furnished benzilbenzoin 
(63) ; a mixture from which no pure products were isolated was obtained 
with dioxane. A similar result was obtained with acenaphthenequinone 
and dioxane. Tetrachloro-o-benzoquinone and dioxane afford 20% of a 
1,4-adduct analogous to 87; the remaining products were not charac- 
terized. 

In 1,4-adducts (87), the normally unreactive ether function has been 
converted to the readily hydrolyzable acetal or ketal group. Thus, Klinger 
did not isolate the adduct of diethyl ether and phenanthrenequinone, but 
detected acetaldehyde upon acid hydrolysis. An attempt has been made 
12s) to utilize this change in functionality to provide a photochemical 
method for cleavage of ethers. Methoxycholestane (86) was used as a 
model compound. Acid hydrolysis of the product of irradiation of 
approximately equal amounts of 86 and phenanthrenequinone in benzene 
afforded 19% of cleavage products in addition to recovered 86. Assuming 
that problems of photoequilibrium were involved, the reaction was re- 
peated in benzene-acetic acid and 50% of cleavage product resulted. No 
ether cleavage was observed with 3-methoxy-5-cholestene; the products 
appeared to be cycloadducts resulting from reaction at the double bond. 
Reactions of safrole and isosafrole 127) with phenanthrenequinone also 
occurred at the olefinic bond and not at the methylenedioxy function. 

Two reactions of thioethers with phenanthrenequinone have been 
investigated. As mentioned earlier (cf. Table 3), ethyl vinyl sulfide 
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afforded 86) 69% of cycloaddition product; it was shown later 54) that 21% 
of diastereomeric 1,2-adducts (88, R=CH(CHs)SCH=CHg.). p-Dithiane 

8 
yielded 127) a 1,4-adduct (87, R = ( " [ )  which could only be charac- 

\ s  / 
terized spectroscopically because of its instability. 

D. Diones with Esters and Lactones 

The reactions of ethyl acetate, ethyl propionate, and y-butyrolacetone 
with phenanthrenequinone to give exclusively products of reaction (52, 
53) at the carbon atom alpha to the ether oxygen have been discussed. 
Methyl acetate reacted ix0) similarly. Preliminary results x27) suggest 
that suitable substitution on the carbon atom alpha to the caxbonyl group 
can affect the orientation of addition. 

The only other reported case of a dione-ester reaction is the tetra- 
methyltetralindione (73) -- methyl formate reaction included in Gream, 
Paice, and Ramsay' s 60) survey of reaction of 73. Two radicals, 92 and 93, 
can be formed by H-abstraction from methyl formate. The methoxy- 
carbonyl radical, 92, accounted directly for 54% of the product 

o 

II 
CH3OC" --~ CH3" + CO2 

92 

o H 
ii 

�9 CH~OCH 94 

93 

as the 1,2-adduct 94, (R=COOCHs). An additional 10% of 1,2-adduct 94 
(R=CH3) may have been formed via coupling of methyl radicals formed 
from decarboxylation of 92. About 3% of the product was derived from 
reaction of 93 either as the ester (94, R=CH2OCHO) or the free alcohol 
(94, R=CH2OH). As in other reactions of 73 in supposedly inert atmos- 
phere, a considerable amount (16%) of the anhydride 90 was also formed. 

E. Diones with Hydrocarbons 

For convenience, these reactions have been subdivided into (1) reactions 
with saturated hydrocarbons, (2) intramolecular H-abstraction from 
saturated carbon, (3) reactions with olefins, (4) reactions with alkyl- 
benzenes, and (5) reactions with benzene. 
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(1) Reactions with Saturated Hydrocarbons. The limited number of 
examples of this type indicate that H-abstraction can occur with satu- 
rated hydrocarbons. The gas phase reaction of hexafluorobiacetyl with 
2,3-dimethylbutane was mentioned earlier; H-abstraction also occurred 
x~9) in solution but products were not identified. Reaction of biacetyl in 
cyclohexane afforded 207 10% of 1,2-adduct 96, 36% of diketopinacol 63, 
24% of acetylcyclohexane, and 7% of the fl-diketone 91. With tetra- 
methyltetralindione 607 (73), 1,2-adduct 94 (R = cyclohexyl) accounted 

O 

CH~ ~k~,~CO OH x___, 

96 97 

for 64% of the product; in addition 17% of reduction product and 15% 
of the diacid monoester 97 were obtained. The formation of 97 remains 
unexplained. 

Reaction of benzil 27) in cyclohexane was complex, as mentioned earlier 
and it is not clear if any of the products were formed by H-abstraction. 

(2) Intramolecular H-abstraction from Saturated Carbon. Urry and 
coworkers 163,184) have reported reactions of 2,3-pentanedione, 3,4- 
hexanedione, 4,5-octanedione, 2,7-dimethyl-4,5-octanedione, 5,6-decane- 
dlone, and 1,2-cyclodecanedione. Intramolecular H-abstraction from a 
gamma carbon atom, followed by intramolecular radical coupling pro- 
duced cyclobutanolones (65, 98) in high yield. The cyclization product 98 

~ O 

98 

from cyclodecanedione was obtained in 74% yield accompanied by 9% 
of cyclooctanone which was presumed to be formed by elimination of 
ketene from 98. The selectivity of these reactions was attributed to 
conformational factors as discussed earlier. The reaction of 4,5-octane- 
dione could be sensitized by benzophenone; retardation by  oxygen, 
naphthalene, and anthracene was observed in reactions of 2,7-dimethyl- 
octanedione. Reactions of pentanedione and 3,4-hexanedione, which 
involve abstraction of primary hydrogen, were reportedly slower than 
those of longer chain compounds and could be partly intercepted by a 
good hydrogen donor (propionaldehyde). 
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The selectivity and high yields of these reactions should make them 
useful for preparation of otherwise difficulty available cyclobutane 
derivatives. Comparable reactions of long-chain monoketones are much 
more complex. 

(3) Diones and Olefins. The first report of abstraction of allylic 
hydrogen involving reaction of biacetyl and cyclohexene was made by 
Jolly and de Mayo 73) in 1964 and confirmed recently sol In addition to 
59~ of the 1,2-adduct 99, products of radical dimerization (63 and 
bicyclohexenyl) were also obtained in appreciable yield. 

O 

CHs Hs 

OH 
H2 /R2 

99 o R~/C=C"R S 

100 

~ OH ,~CH~ 
C_C ~/ 

0 /\ \R- 
R2 Rs 

I01 

"CH2"-C=C/R2 _ CH2~C_~R2 
RI / \ R  3 R z Rs 

The reactions of isobutylene, cis- and trans-2-butene, trimethyl- and 
tetramethylethylene with phenanthrenequinone reported by Farid and 
Scholz 54) were mentioned earlier in connection with cycloaddition. While 
the major product was the cycloadduct in every case, appreciable amounts 
(9--29%) of 1,2-adducts were also obtained. They included 1,2-adducts 
(100, 701) derived from coupling at either possible position of the inter- 
mediate allylic radicals. Surprisingly, the stereochemistry of the original 
olefm was reportedly preserved in adducts (100) not involving rear- 
rangement of the olefin both in the case of cis- and of trans-2-butene. 
Steric factors appeared to play a role in limiting the total number of 
possible products. 

(4) Alkylbenzenes. Abstraction of benzylic hydrogen proceeds readily 
and was observed in the early years of dione photochemistry. Reactions 
of phenanthrenequinone have been reported 1,,lol,11s,lsz,14s,l?m with 
toluene, o-, m- and p-xylene, ethylbenzene, isopropylbenzene, cumene, 
pseudocumene, p-cymene, t-butyltoluene, p-methoxytoluene, p-nitro- 
toluene, diphenylmethane, thioxanthene, tetralin, collidine, and quinal- 
dine. Only dimers of the hydrocarbon radicals were described x4s) in the 
reactions of diphenylmethane and thioxanthene and only phenanthrene- 
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quinhydrone 19) in reactions of ethylbenzene, p-cymene, and collidine. 
Reactions of isopropylbenzene and tetralin gave 101) dehydrogenated 
products (~-methylstyrene, dihydronaphthalene) in addition to quin- 
hydrone. Adducts were obtained, generally in good yield, in the remaining 
cases.  

After a period of some confusion regarding their structures, it was 
shown 118,138) that the products obtained using a broad spectrum of 
light were 1,2-adducts (67) but that both 67 and 1,4-adducts (68) were 
formed using light of wavelength longer than 3900/~. 1,4-Adducts could 
also be detected 172) when reactions at shorter wavelengths were inter- 
rupted at an early stage. The rearrangement of 68 to 67 was shown 1~2) 
not to involve reversal of 68 to quinone and alkylbenzene by irradiation 
of the p-xylene, 1,4-adduct (68, Ar = p-CHsCsH4) in dilute dioxane 
solution; the sole product was 67. Any quinone formed would have been 
trapped by reaction with the large excess of more reactive dioxane. The 
isolation of 67 in preparative experiments thus represents a favorable 
photoequilibrium. The reasons for the greater photostability of 67 are 
unclear. As noted earlier, the ratio 67:68 depended 184) on the p-substi- 
tuent in a series of p-substituted toluenes. 

Reactions of alkylbenzenes with other dlones produced only 1,2- 
adducts even upon irradiation under irreversible conditions. Biacetyl and 
ethylbenzene gave 20) S0O/o of 1,2-adduct 101 plus radical dimers ((63) 
and 2,3-diphenyl butane), tetramethyltetrahydrofurandione (72) gave 15) 
high yield of adduct 102 with p-xylene, tetramethyltetralindione (73) 

O 
o 

OH CHCeHs 
! 

CH2Ar CH s 

102 101 103 

and toluene afforded 60) 87% of 94 (R = C~HsCH2), and camphor- 
quinone gave 129) about 65% of isomeric 1,2-adducts (56, 57) in approxi- 
mately 2: 1 ratio with o- or p-xylene. 

Benzfl afforded g~) a low yield of 1,2-adduct (103) with acenaph- 
thylene. Its reactions with toluene, xylene, ethylbenzene, cumene, and 
pseudocumene supposedly produced 17) only the ubiquitous benzilben- 
zoin (63), benzaldehyde, and benzoic acid. 

(5) Benzene. Abstraction of hydrogen from benzene would not be 
expected to be a particularly favorable process. However, dilute benzene 
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solutions of phenanthrenequinone decolorize rapidly in sunlight and, as 
noted in the Introduction, the quantum yield for disapperance of quinone 
at 4358 A in rigorously degassed benzene was 0.25. The monophenyl 
ether of 9,10-dihydroxyphenanthrene (87, R--CdHs), biphenyl, and 
phenanthrenequinhydrone were isolated ~1~ from preparative reactions. 
These results suggest the intermediacy of semiquinone and phenyl radicals 
formed by H-abstraction. 

A similar result has been observed Be) in reactions of tetrachloro-o- 
benzoquinone in benzene solution where the phenyl ether 33 was isolated. 
The reaction reportedly required cis-stilbene or diphenylacetylene and 
proceeded extremely slowly in their absence. 

The disappearance of biacetyl upon irradiation in benzene solution 
has been reported 20), no products were identified. 

Photoreduction of 73 in benzene solution to the a-hydroxyketone in 
54% yield was suggested to involve H-abstraction from 73 itself. 

Reactions in the Presence of Oxygen 

The important role which oxygen may play in dione photoreactions was 
mentioned in the Introduction where the phenanthrenequinone-ethyl 
acetate reaction was cited as an example of reduction in quantum yield 
and change in product composition (cf. Fig. 2) due to oxygen. A number 
of dione reactions have been investigated with oxygen deliberately 
present. Products, generally carboxylic acids, have been characterized 
but mechanistic details are obscure at present. These reactions are 
summarized in Table 6. The photooxidation of biacetyl has been reviewed 
by Hoare and Pearson ~ 5). 

The results obtained with camphorquinone in p-xylene are of partic- 
ular interest since this reaction has been investigated 129) under other- 
wise identical conditions in the presence and absence of oxygen. In care- 
fully degassed #-xylene solution at 4358 A the major products were the 
1,2-adducts 56 and 57; the quantum yield for disappearance of dione 
was 0.07. In air-saturated p-xylene the quantum yield increased to 0.16, 
56 and 57 were not formed, instead the products were camphoric acid 
(704) and camphoric anhydride (105). No explanation has been offered 
for the different course of reaction in benzene where cyclic lactones 106 
and 707 were obtained o~). Intermediacy of the cyclic diacyl peroxide 108 
has been suggested 0~;. I t  is tempting to speculate that the diacyl radical 
109 may have been trapped by oxygen. 

Intermediacy of a compound such as 110, formed by a cis-stilbene + 
dihydrophenanthrene type of cyclization, has been suggested 34) to 
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account for formation of phenanthrene-9,10-dicarboxylic acid anhydride 
from diphenylcyclobut enedione. 

Phenanthrenequinone 152) has been reported to sensitize the photo- 
oxidation of neoabietic acid. 

~ 

o 

106 107 

0 

108 109 

110 

Table 6. Dione reactions in the presence of oxygen 

Dione Solvent 2 (A.) Products Lit. 

Biacetyl Gas phase a) 

Camphorquinone CCI4,t-buOH, MeOH b) > 3000 

benzene > 3000 

p-xylene 
Diphenylcyclobutene- benzene 
dione acetonitrile 

Benzil 
Phenanthrenequinone 

Acenaphthenequinone 

4358 
s u n  

benzene, acetonitrile sun 
t o l u e n e ,  o-, rB-j s u n  

p -xylene, 
eumene ethylbenzene 
benzene, aeetonitrile sun 
benzene, acetonitrile sun 

CO, CO2, CH3OH, 75) 
CH20, H20, 
CHaCOOH, etc. 
camphoric anhydride 97) 
(105) 
(105), camphoric acid 97) 
(104) 
(106, 107), derived 
hydroxy acids 
(104, 105) 129) 
phenanthrene-9,10- 24) 
dicarboxylie acid 
anhydride 
benzoic anhydride 24) 
diphenic acid 18) 

diphenic anhydride z4) 
naphthalene- 1,8- 24) 
dicarboxylic acid 
anhydride 

a) Various wavelengths. 
b) 80~o Photoreductiou. 
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1. In t roduct ion  

The cycloheptatriene ring system is of great interest as a subject for 
excited state reactions induced by both thermal and photochemical 
excitation. Major contributions to the photochemistry of the troponoid 
system and subsequently, to the photochemistry of the cycloheptatriene 
system have been made by Chapman 1) whose pioneering work in this 
field has stimulated much interest in photochemistry in general. The 
photochemistry of the troponoid system has been reviewed quite thor- 
oughly 14 and mention will be made only of recent developments in 
this area. Dimerization reactions will not be discussed. 

The troponoid system undergoes various types of interesting reactions 
upon irradiation such as valence isomerization z-7), rearrangment 8 - 1 0 )  

dimerization ll-lS), and addition ~). In most cases, irradiation leads to 
valence isomerization to produce bicycloheptadienones as the primary 
reaction. There are three principle modes of photoisomerization termed 
type A, B and C cyclizations 2b). Type A represents valence isomerization 
to give norcaradienones, which subsequently give rise to benzene deriv- 
atives by elimination of carbon monoxide. This reaction occurs during 
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the photolysis of tropone 1) in low yield. Type B cyclization occurs 
during irradiation of simple monocyclic tropolones s, 9) and their methyl 
ethers ~, 8) to give bicyclo[3.2.0]heptadien-2-ones, in which formation 
of a new carbon-carbon bond occurs at the carbon atom bearing the 
hydroxy or methoxy substituents. Type C cyclizations are observed in 
polycyclic troponoids such as colchicine 4, 5) and isocolchicine 6, 7) and 
result in cyclization at carbon atoms not bearing the methoxyl group. 

0 

X~ OR 

Y 

0 

A - CO ,- Xt. u OR 

Y 

T~eB 

T y p e  C 

I y "X 

O 

In his discussion of the valence isomerization of troponoids, Chap- 
man 1) has pointed out that  2-, 3-, and 4-methoxytropones undergo 
different photochemical behavior. A possible function of the methoxy 
group may be visualized as providing stabilization for charge-separated 
excited states as shown in structures 1, 2, and 3. In I and 3 (produced by 
excitation of 2- and 4-methoxytropone, respectively) smooth electron 
redistribution is available for collapse to type B cyclization products as 
indicated by the arrows. The corresponding intermediate 2 from 3-meth- 

OMe 
1 2 3 

oxytropone can only return to starting material by electron redistribution 
without giving the bicyclic product. This generalization does not hold 
for the photochemistry of colchicine and isocolchicine, and has been 
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explained by Chapman 5} and Dauben 6) as being controlled by both 
steric as well as styrene chromophore effects to lead to only type C 
cyclizations. 

Cycloheptatrienes, on the other hand, normally do not contain polari- 
zable substituents in the ring system, and thus cycloheptatriene photo- 
chemistry, in addition to being of fundamental interest, is more difficult 
to rationalize. As will be demonstrated with individual examples, the 
major photochemical transformations of cycloheptatrienes in solution 
are valence isomerization to the bicycloE3.2.0]hepta-3,6-diene system or 
isomerization via selective 1,7-hydrogen shifts to give isomeric cyclo- 
heptatrienes. The photocyclization reaction is not unexpected, as photo- 
isomerization of cycloheptatrienes 1} and of tropones (as shown above) 
is one of the most generally applicable photochemical reactions. The 
formation of the isomeric cycloheptatrienes are markedly affected by 
the presence of various substituents and as a result any general under- 
standing of these reactions must account for the pronounced substituent 
effects. The formulation of the Woodward-Hoffmann rules for electro- 
cyclization and sigmatropic migration reactions 14, 15} in addition to 
other molecular orbital considerations of trienes makes it possible to 
understand this second mode of photochemical transformations of 
cycloheptatrienes. These will be dealt with in greater detail in specffic 
examples presented below. 

The photochemistry of other cyclic conjugated trienes (e.g., 1,3,5- 
cyclooctatriene and substituted benzenes) will be discussed and their 
valence isomerization reactions will be compared with those of substituted 
cycloheptatrienes. The photochemistry of acyclic conjugated trienes is 
necessarily more complex than that  of cyclic trienes due to the possibility 
of cis-trans isomerization. The presence of several geometric isomers in a 
reaction mixture opens up the possibility of other modes of reaction. 
These transformations will be briefly summarized. Nonconjugated 
acyclic and cyclic trienes will not be considered in this article. 

2. Photolysis Reactions of Monosubstituted Cycloheptatrienes 

Cycloheptatriene (4) upon irradiation in ether solution gives the bicycllc 
photoisomer 5 16}. Cycloheptatriene is regenerated upon pyrolysis of 5. 
Photolysis of 4 in the vapor phase 17} leads to the formation of toluene 
(6) as well as 5. The quantum yield for toluene formation increases with 
decreasing pressure, the extrapolated value at zero pressure being unity 
within experimental error. Under the most favorable conditions, no 
more than five percent of the excited cycloheptatriene molecules iso- 
merize to 5. Srinivasan 17} has suggested that  isomerization to toluene 
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occurs not from an electronically excited molecule of d, but  rather from 
a vibrationally excited ground state molecule formed by  internal con- 
version from a higher electronic excited state. The formation of the bicyclic 
compound 5 is believed to occur from the first excited singlet state of d. 
The quantum yield for toluene formation in the gas phase decreases with 
increasing pressure due to coUisional deactivation of vibrationally excited 
1,3,5-cycloheptatriene before rearrangement. In solution only 5 is 
produced because rearrangement of vibrationally excited 4 is too inef- 
ficient to compete with vibrational deactivation in solution. 

�9 
4 

H 

ether 

5 

ter Borg and Kloosterziel is) studied the photolysis of neat 7-deuterio- 
cycloheptatriene using nmr and the results were in accordance with a 
series of consecutive 1,2 (or 1,7) hydrogen shifts (7-~ -~10, X = D). Under 
their reaction conditions, the photochemically induced hydrogen migra- 
tions proceeded five hundred times as rapidly as the formation of the 
bicyclic product. 

x x x 

H H  

7 8 9 10 

Upon irradiation of 7-phenylcycloheptatriene (7, X----CrHs), the 
formation of 1-phenylcycloheptatriene (8, X = C 6H5) could not be formally 
established by  nmr. Instead, only 2-phenylcycloheptatriene (9, X = C6H5) 
could be detected. The reaction is relatively inefficient, with 9 being 
the major isomer after photoequilibrium was established, at which time 
the formation of a bicyclic product was estimated to be present to the 
extent  of ca. 15%. 
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Similar results on the photolysis of 7-deuteriocycloheptatriene in 
methanol solution were observed by Roth 19~, who also observed that 
the 1,2-hydrogen shift predominates. Doering and Gaspar 2o) showed 
that upon irradiation of 7-deutefiocycloheptatriene in benzene with 
added carbon tetrachloride, migration of the 7-hydrogen had occurred 
mainly to the adjacent position, as determined by nmr. 

Photolysis of 7-methyl and 7-ethylcycloheptatriene 19) in methanol 
solution showed that the major photoproducts are 1-methyl and 1-ethyl- 
cycloheptatriene, as determined by nmr. Irradiation of 7-methytcyclo- 
heptatriene in benzene solution 21) also showed the only photoproduct 
to be 1-methylcycloheptatriene, as determined by gas chromatography 
and comparison of the nmr spectrum of the pure material with that 
published for 1-methylcycloheptatriene 9"zk 

Photolysis of 7-vinylcycloheptatriene 19~ upon short photolysis in 
methanol solution gives 1-vinylcycloheptatriene, which because of its 
long wavelength ultraviolet absorption (Xm~x 298, e 7 000) is very rapidly 
transformed by 1,2-hydrogen shifts to the 2- and 7-vinyl isomers. 

Irradiation of 7-methoxy or 7-ethoxycycloheptatriene (71) in ether 
solution 2~) gives in each case the 1-alkoxybicyclo[3.2.0]hepta-3,6-diene 
(72) in yields in excess of 90%. Irradiation of the 1-alkoxycyclohepta- 
triene (13) gave (12). Irradiation of l l a  at low pressures in the vapor 
phase gave a mixture which consisted of 11a, 13a, and "i2a. Formation 

OR OR 

II a, R=CH s 72 13 
b, R = C2H s 

of 13 could occur via a sequence of two 1,B-hydrogen migrations which 
are known to occur thermally 24). If this were the case, 3-methoxycyclo- 
heptatriene (7,t) would be an intermediate. Irradiation of 7,1 yielded a 
complex mixture, in contrast to the clean reactions observed for 71 and 
/3. The mixture from 74 consisted of at 1east three bicyclic products, one 
of which was 1-methoxybicycloE3.2.0]hepta-3,6-diene (75), and other 
methoxycycloheptatrienes. The bicyclic compounds 76 and/or 77 were 

OCH 3 

CH 3 CH 30 

14 15 16 17 
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also demonstrated to be present in the bicyclic mixture. In this way it 
was demonstrated that  14 is most likely not an intermediate in the 
photolysis of 11. When 71 is photolyzed, a photostationary state is 
established between the 7-isomer (11) and the 1-isomer (73), which is 
displaced by conversion of 73 to the bicyclic compound 12. Thus, the 
1,7-hydrogen shift and the electrocyclization reactions are quite specific 
for 11 and 13, respectively. 

The conversion of triene 11 to 13, and of 13 to 72 could not be photo- 
sensitized by acetophenone, nor quenched by oxygen. These data suggest 
that  the reversible photochemical 1,7-hydrogen shift in 17 and 13 involves 
a singlet state species. Orbital symmetry arguments 14, 15) also suggest 
that  the interconversion of 11 and 13 occurs via excited electronic states. 
Hence, the reactive state of I I and 73 is most likely the lowest excited 
singlet state of each triene. 

The high degree of selectivity observed for the transformation I 7 ~13 
is of particular interest. Orbital symmetry arguments 15) suggest that  
photochemical [1,7J suprafacial, sigmatropic migration reactions are 
allowed in cycloheptatrienes. A single [1,73 sigmatropic hydrogen 
migration in 11 leads to 73. Triene 73, on the other hand, could, in 
principle, undergo 1,7-hydrogen shifts in two directions leading to l1 
and 9 (X = OCH3). Experimentally, only one of these two processes is 
observed (13~11). The transition state for conversion of 13 to 11 is 
asymmetric and simple orbital symmetry arguments cannot be applied. 
However, chapman 2~) has pointed out that  the highest occupied mo- 
lecular orbital for the electronically excited nine electron eight-atom 
n-system (the ether oxygen atom is included in the basic n-framework) is 
such that  suprafacial hydrogen transfer from position seven to position 
one with continuous overlap is feasible, while suprafacial transfer from 
position seven to position six with continuous overlap is not feasible. 

The above examples suggest that  the ratio of valence tautomerization 
to 1,7-hydrogen migration might be quite sensitive to the nature of the 
substituent in the cycloheptatriene ring. To determine the relative 
efficiencies of these two processes as a function of substituent (X), a 
number of 1-substituted cycloheptatrienes were investigated ~5). The 
general reaction scheme is indicated below. In the neat liquid, the ratio 
of the two processes (as derived 18) from the results with 7-deuteriocyclo- 
heptatriene) is 0,002. With the electron-attracting cyano group in the 
1-position of 18, a shift of hydrogen is the only process observed. The 
direction of the hydrogen shift is highly specific: only 79a is formed. 
When electron-donating groups are present in the 1-position of 78, the 
hydrogen shift occurs in the opposite direction to give Igb as the major 
product. With increasing electron-donating capacity of the substituent, 
valence tautomerization gains in relative importance. When X = dime- 
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H ~  X 

19b 

18 

X 

20a 

~ X 

20b 

thylamino, hydrogen migration products could not be detected. These 
data are summarized in the Table 1. 

Table 1. (InitiaOproducts of irradiation (in %) of l- 
substituted r 2s) 

Products 
Subs t i tuen t  (19a) (19b)  (20a)  (20b) 

CN 100 - -  - -  - -  
Ph  50 50 - -  
Me 2 98 - -  - -  
SMe - -  65 35 - -  
OMe - -  35 65 - -  

N M e 2  - -  - -  9 7  3 

3. Photolysis Reactions of 7,7-Disubstituted Cycloheptatrienes 

7,7-Disubstituted cycloheptatriencs are of particular interest because 
they do not possess hydrogens available for [1,7] sigmatropic shifts as 
a primary reaction. As a result, other photochemical transformations 
should be observable. Irradiation of 3,7,7-trimethylcycloheptatriene 
(27) ~0 in benzene (or cyclohcxane) solution gives a mixture consisting 
of 2,2,6-trimcthylbicyclo[3.2.0Jhepta-3,6-diene (22), 1,5,7-trimethylcyc- 
loheptatriene (23), 1,3,7-trimethylcycloheptatriene (24), and unreacted 

HC• 
CH3~ H 3 ~ . ~ , ; C  C H z  ~ H  3 H 3 C 

1 1 1 1 1  h~, hy 
2 ~ 5  CeHe > R I] + '- hv ct~3 

H3C P y r e x  f i l t e r  CH3 CH 3 

27 22 23 24 
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21. Compounds 22 and 23 are primary reaction products while 24 arises 
from a secondary photochemical reaction of 23. Deuterium labelling 
established that  the methyl and hydrogen migrations which result in 
the formation of 23 and 24, respectively, are highly selective. In principle, 
a methyl group at C7 in 27 could migrate under the influence of light to 
either C1 or C6. In fact, migration to C1 is the only such transformation 
observed. Similarly, after the methyl group has shifted to yield a new 
triene (23), only one of the possible [1,7]sigmatropic hydrogen migrations 
was observed (23 ~ 24). This demonstrates that  the methyl group on 
carbon atom three in 21 exerts an overwhelming directive influence on 
the course of these migration reactions. 

The formation of 23 (from 27) can be understood by applying the 
Woodward-Hoffmann rules 15) for sigmatropic migrations, as well as 
other molecular orbital considerations to these substituted trienes. 
If it is assumed 15) that the transition state of the methyl migration 
reaction is composed of a linear C7 radical containing seven e-electrons 
and a methyl radical, one is led to the prediction based on the orbital 
symmetry of the highest filled molecular orbital of the excited state 
radical that migration can take place [1,7] to give either 23 or 25 (neglect- 
ing the effect of the C3 methyl group). The two possible transition states 
for [1,7] methyl migration are 26 and 27, where the + and -- signs 

,C,,H3 CHz ,,CH3 

C H  3 6 t 

C H  3 
CH3 CH 3 

25 26 27 

indicate orbital symmetry. Qualitatively, a choice between 26 and 27 
may be made by considering the nonuniform charge distribution present 
in each of the two transition state models. HMO calculations of the 
excited radical (transition s ta te)26 indicate a relatively large positive 
charge on carbon atom 3. In transition state 27, a relatively large negative 
charge is centered on the ring carbon 4 bearing the methyl substituent. 
In each of these two transition states, C7 which bears the other methyl 
substituent is, at most, only very slightly positive. The normal electronic 
effect of the methyl substituent is to supply electron density to the ring 
carbon by inductive and/or hyperconjugative interaction mechanisms. 
This has the net effect of increasing the Coulomb integral r of the ring 
carbon bearing this substituent and tends to stabilize any electron 
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deficiency at this carbon. Similarly, an increased r162 tends to destabilize 
those systems in which a negative charge density is located on carbon. 
As a result, 26 should represent a lower energy transition state and triene 
23 should predominate. Similar considerations of charge distributions 
and symmetry arguments indicate that 23 should be transformed 
selectively into 24 upon further irradiation. Irradiation of triene 24 should 
result in the formation of 23. 

The eleetrocyclization reaction of 21 to produce 22 also represents a 
highly selective transformation. Application of orbital symmetry argue- 
ments 14) indicates that either 22 or 28 may be formed by a disrotatory 
cyclization reaction. HMO calculations do not allow for a choice between 

CH3 

.28 

22 und 28. The observed selectivity can, however, be rationalized on the 
basis of steric considerations. The formation of 28 would result in a 
methyl-hydrogen eclipsing interaction at the bridgehead positions, 
whereas the formation of 22 avoids this interaction by placing the methyl 
group on one of the trigonal carbons of the cyclobutene ring yielding a 
more highly substituted, double bond. 

Irradiation of 2,7,7-trimethylcycloheptatriene (29) 27) yields a 
mixture consisting of 2,2,4-trimethylbicyclo[3.2.0]hepta-3,6-diene (30), 
1.3.7-trimethylcycloheptatriene (24), 1,5,7-tfimethylcycloheptatriene 
(23), and unreacted 29. Compound 23 is a secondary photoproduct 
arising from further irradiation of 24. As observed in the previous system, 
the methyl and hydrogen migrations, as well as the cyclization reaction 
are highly selective. As in the case of the 3,7,7-trimethyl isomer (21), 

3 H 3 3 CH3 
h~ h~ -~ 

+ 

H 3 C ~  C6H, .CH 3 H 3 C U  - h, HaC" 

29 Pyrex filter 30 24 23 

Woodward-Hoffmann orbital symmetry arguments and molecular 
orbital considerations allow for a distinction between the two possible 
paths for sigmatropic [1,7] suprafacial methyl migration (transition 
states 31 and 32), with 31 having the lower energy for the same reason 
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as those outlined above. As a result, methyl  migration occurs in 29 to 
yield 24. Selective hydrogen migrations observed for 23 and 24 are 
accounted for in a similar manner, 

~H3 CHo H C ~,,o CH 3 
3 "/7 \ " 7 6 

H3C H3C 
31 32 

The selectivity noted in the cyclization reaction of 29 is most readily 
rationalized on the basis of steric considerations. The ring fusion in 
product 30 must be cis. A consideration of a Dreiding model of 30 reveals 
that  there are no serious nonbonded interactions in this molecule. 
However, compound 33 (the other possible bicyclic product) has one 
serious interaction between the methyl  group on carbon 7 and one of 
the gem-dimethyl groups at  carbon 2. Dreiding models indicate that  
these two methyl  groups are crowded to about the same extent in 33 
as are the diaxial methyl  substituents in cis-l,3-dimethylcyclohexane 
(34). This interaction in 34 leads to an unfavorable energy term of about  
3.7 kcal]mole as) and should, therefore, favor the formation of 30 in the 
electrocyclization reaction. 

H 3 C ~ H  H 3 C ~  

CH3 "~ 
CH3 

33 34 

The reactions of 21 and 29 cannot be photosensitized and oxygen has 
no effect on either reaction. In  addition, the observed cyclization and 
migration reactions are consistent with orbital symmet ry  considerations 
only if these are excited electronic state reactions. Consequently, it is 
felt that  these most likely are all excited singlet state reactions. 

The photolysis of 2,3,7,7-tetramethylcycloheptatriene (35) 29) was 
carried out to determine whether the methyl  group at  position 2 or 3 has 
a greater directive influence on the direction of the methyl  migration 
reaction. The reaction was found to be complex, resulting from a con- 
current electrocyclization reaction of the new trienes as they were formed. 
However, the major  bicyclic product produced was found to be 2,2,6,7- 
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tetramethylbicyclo[3.2.0]hepta-3,6-diene (36). Of the new cyclohepta- 
trienes formed, spectral evidence suggested that the maior component 
was the cycloheptatriene 39. This conclusion was further substantiated 
by the identification of the bicyclic compounds 37 and 38 (epimeric at 
C2) produced by further reaction of 39. The results indicate that the 

H3C....H 
H~C CH3 H3c ~X~H3 CH33~ r,3c~cH3 

~ CH3 H 3 C ~k~/ H~ C 
CH 3 H 3 C - -  ~CH 3 

35 36 37, 38 39 

methyl substituent at C3 in 35 exhibits a stronger directive influence in 
the methyl migration reaction than the methyl substituent at C2, and 
therefore the predominant mode of migration is from C7 to C1. This is 
consistent with the HMO treatment discussed for the migration reactions 
of 27 and 29. The preferred mode of cyclization involves the formation 
of 36 which minimizes sterie interactions and gives the product with the 
more highly substituted double bonds. 

The effect of a polar substituent bonded to the cycloheptatriene 
system was investigated by Chapman and Smith 3o) who studied the 
photochemistry of thujic acid dOa and its methyl ester 40b. Irradiation 
of dO gave two products: the methyl migration product 4], and the 

CO2R CO2R CO2R 

40 a) R =  H 41 42 
b) R = CH~ 

electrocyclization product d2. The formation of these products was ra- 
tionalized on the basis of a polar mechanism (charge separated excited 
state). However, the methyl migration reaction could also be rationalized 
using Woodward-Hoffmann rules and other HMO considerations. It is 
not clear in this system whether the reative state of dO is n--n* or n--n*. 
It should be noted that a selective [1,7] sigmatropic hydrogen migration 
in dl would result in an identical product. This reaction can only be 
detected using deuterium labelling experiments which would be rather 
difficult in the thujic acid system. 
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Photolysis of 3-acetoxy-7,7-dimethylcycloheptatriene (43) 3z) sur- 
prisingly gave a complex mixture of products consisting of at least six 
major bicyclic products and a mixture of new trienes which could not be 
resolved by gas chromatography. Of the new bicyclic compounds only 44 
was positively identified. Because of the apparent complexity of this 
reaction and the difficulty of separating the reaction products, this re- 
action was not investigated further. 

H•3 
H3 C CII 3 

o @o 
CH 2 - OCCH 3 CH z- OCCH 3 

43 44 

Photolysis of 7,7-bis(trifluoromethyl)cycloheptatriene (45) s2) in 
benzene solution yielded the bicyclic compound 46 and a small amount 
of the aromatic derivative 47, in addition to unreaeted 45. 

F•3 ~ 3  CF3..cH/CF3 

�9 
45 46 47 

Photolysis of the perfluorinated analogue, perfluoro-7,7-difluoro- 
methylcycloheptatriene (48), to give 49 parallels the behavior of 45 33). 

F3C CF3 FsC CF3 

F F F- t -F 
F F F 

48 49 

4. Irradiation of Tropylium Ions 

Irradiation in 5% aqueous sulfuric acid of tropylium ion (tetrafluoro- 
bOrate salt) 50 34) was found to give rise to bicyclo[3.2.0]hepta-3,6-dien- 
2-ol (52) and the corresponding ether 53. The authors proposed that 
irradiation of 50 produces the valence bond isomer 51, a highly reactive 
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G 
H tI 

50 51 52 53 

carbonium ion, which reacts with solvent to give 52. Irradiation of 
tropylium perchlorate or bromide in ethanol without added acid produced 
tropyl ethyl as the perdominant product. Further irradiation gave a 
complex mixture including ditropyl and a secondary product which on 
the basis of catalytic reduction and spectral properties was regarded to 
be 54, formed by a two-fold photochemical suprafacial 1,7-hydrogen 
migration in ditropyl. 

H H 

54 

5. Pho to lys i s  of Othe r  Cycl ic  C o n j u g a t e d  Trienes 

Barton has suggested 35) that  in photochemical reactions of cyclic con- 
jugated olefins, ring fission will predominate in rings of n annular atoms 
containing (n/2)-I double bonds and valence tautomerization will occur 
in other systems. Consequently, it was anticipated that  1,3,5-cyclo- 
octatriene upon photolysis should give rise to an acyclic tetraene in the 
same manner that  1,3-cyclohexadiene opens 8s, sO to 1,3,5-hexatriene. 
When 1,3,5-cyclooctatriene (55) was irradiated in solution (ether or 
pentane) 37, sg) two isomerization products were isolated, bicyclo[4.2.0]- 
octa-2,7-diene (56) and tricyclo[5.1.0.0 4, S]oct_2_en e (57). The forma- 
tion of 56 is not exceptional. The formation of 57 has been visualized by 

55 58 57 

Chapman et al. 39) to occur in the stepwise manner indicated below. 
Formally, this transformation is analogous to the bridging which occurs 
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in the photosensitized isomerization of 1,5-cyclooctadiene 4o7. Ring 
fission products could not be detected. 

55 57 

The failure of previous workers 37-~9~ to isolate or detect 1,3,5,7- 
octatetraene as a major photolysis product of 55 prompted Goldfarb and 
Lindqvist al~ to s tudy the flash photolysis of 55 in cyclohexane and n- 
hexane. This s tudy resulted in the detection of two transient species, 
both of which decay by  first-order processes with lifetimes (at 25 ~ in 
n-hexane) of 91 msec and 23 sec. A fivefold increase in the concentration 
of the long-lived species occurred simultaneously with the disappearance 
of the short-lived species. The long-lived species was identified on the 
basis of spectroscopic and kinetic evidence as cis, cis-l,3,5,7-octate- 
traene. The instability of this tetraene results from a low activation 
energy (17 kcal/mole) for recyclization to 1,3,5-cyclooctatriene (55). 
The short-lived transient was pressumed to be a strained, cyclic stereo- 
isomer of 1,3,5-cyclooctatriene. The opening of this strained cyclooctate- 
traene to form octatetraene has an Arrhenius activation energy of 16 
kcal/mole. The formation of stable 1,3,5,7-octatetraene (cis, trans and/or 
trans, trans) was observed to require the absorption of a second photon of 
light. As a result, the formation of a stable octatetraene from 55 is a 
biphotonic process. Presumably, the lower intensity light used in the 
previous studies 37-3~ prevented absorption of the second photon and, 
as a result, the isolated products arose from other reaction of 55. 

1,3,5-cyclooctatriene ~ excited s ta te  

~T 
cis, ds-l,3,5,7-octatetraeue ~ 

1 
cis, trans-and/or trans, trans- 

1,3,5,7-octatetraene 

unstable  s tereoisomer of 1,3,5-cyclooctatricne 

The irradiation of cyclooctatetraene epoxide (58) in pentane or 
methanol with unfiltered light led only to rapid polymerization 42~. 
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On the other hand, if 58 is irradiated in pentane solution with filtered 
light (~. > 3100A) to prevent polymerization of products compounds 
59--62 could be isolated 4s). Presumably, 59--61 arise from excited 

58 59 60 61 62 

singlet state reactions of 63 which is initially produced upon photolysis 
of 58. The origin of cycloheptatriene is uncertain. 

63 

Oxepin (64), formally a conjugated triene, has recently been investi- 
gated 4a). Oxepin (64) is in thermal equilibrium with benzene oxide (65). 
This equilibrium is markedly solvent dependent, so that it is possible to 
study solutions enriched either in 64 or 65. Studies in ether solution 
indicate that if only 64 is excited (k > 310m~), the sole product is 
2-oxabicyclo[3.2.0]hepta-3,6-diene (66). By contrast, excitation of both 
64 and 65 (~ 2537 A) gives 11% of 66 15% of benzene, and 74% of phenol. 
At this wavelength, the observed products are derived largely from 65. 
Acetone as photosensitizer produced only phenol. Consequently, the 
authors a4) concluded that 65 intersystem crosses with a high enough 
efficiency to complete with the chemical reaction, while 64 crosses to 
the triplet manifold with extremely low efficiency. The singlet reaction 
of 65 is the formation of benzene, while the singlet state reaction of 64 
produces 66. Triplet 65 leads to phenol and triplet 64 most likely also 
leads to phenol formation. 

$I < 

OH 

,r Sj 0 
64 66 
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6. E l e c t r o c y c l i z a t i o n  R e a c t i o n s  of  S u b s t i t u t e d  B e n z e n e s  

Benzene and its substituted analogues also undergo electrocyclization 
reactions characteristic of other conjugated triene systems. When 1,2,4- 
tri-tert-butylbenzene (67) was irradiated in ether solution using a 
Hanovia Type L lamp and Vycor filter, the corresponding bicyclo[2.2.0]- 
hexa-2,5-diene (Dewar benzene) 68 was isolated 45}. Nonbonded inter- 
actions of the tert-butyl substituents are partially relieved upon cycliza- 

h~ ~ 

67 68 

tion to 68. Dewar benzene (unsubstituted 68) has also been prepared 
and characterized 4s}. 

Other polyalkylbenzenes have also been studied 4~-54}. 1,2-Di-tert- 
butylbenzene in ether solution upon irradiation produces a mixture of 
1,3- and 1,4-di-tert-butylbenzene 4s}. o-tert-Butyitoluene also gives a 
mixture of the m- and p-isomers but it is less reactive than the di-tert- 
butylbenzene 4s}. o- and m-xylene in ether solution gave no detectable 
isomerization reaction. When a nitro, acetyl or methoxy substituent was 
placed in the 4-position of the o-di-tert-butylbenzene, the isomerization 
reaction did not occur 4s}. Using higher intensity light, however, o- and 
m-xylene were found to isomerize to the other isomeric xylenes aT}. 

R R R 

R 

Labelling studies 51} indicate that these rearrangements are intramo- 
lecular and occur by ring carbon interchange rather than by alkyl group 
migrations. 

In their investigations of benzene isomerization reactions Wilzbach 
and Kaplan 52} established that a substituted tricyclo[2.1.1.05,6]hex- 
2-ene (a benzvalene) 69 is an intermediate in the photoconversion of 
1,2,4-tri-tert-butylbenzene (70) and the 1,3,5-isomer (71). They also 
demonstrated that the irradiation of either 70 or 71 at 2537A yields a 
photostationary mixture in which the principal component is prismane 
(72) produced from the Dewar benzene 73. These authors pictured the 
reaction sequence as shown below. 
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71 70 

J "73 

72 

? 
71 

Consistent with the above scheme is the observation that 1,3,5- 
trideuteriobenzene (7d) is isomerized in the vapor phase or in solution 
(2500 A) to an isomeric trideuteriobenzene. Again a benzvalene inter- 
mediate was suggested. The wavelength dependence in the vapor phase 
suggests that the assumed benzvalene intermediate is formed, at least 
in part, from a vibrationally excited species 55). 

D D D 

74 

The vapor phase photolysis of o-xylene using light of wavelength 
1600--2100A 53) produced small amounts of benzocyclobutene and 
toluene, m-xylene, p-xylene and 0-ethyltoluene. With the exception of 
benzocyclobutene, all of the other products are also produced using 
2537 A light. This suggests the possibility of a common set of reactive 
intermediates. Fluorescence studies, as well as the effect of added inert 
gases on the reaction, indicated that the first excited singlet and lowest 
lying triplet state are not suitable choices for such common intermedi- 
ates. I t  was suggested that highly vibrationally excited ground electronic 
states are the most likely condidates for such intermediates. Isotope 
labelling studies indicated that benzocyclobutene (75) was generated 
by the loss of two hydrogen atoms. The mechanism of formation of 
toluene and o-ethyltoluene produced in the vacuum ultraviolet photo- 
lysis of o-xylene was found to be radical in nature s6>. 

75 
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Perfluorobenzene 76 when irradiated in the gas phase (35 mm) at 
25 ~ produced the Dewar benzene 77 57-ss). The triplet state reaction 
of 76 gives only higher molecular weight materials. 

F F 

F F 

76 77 

The photochemistry of unsubstituted benzene has recently been 
summarized by  Bryce-Smith sg) and will not be repeated here. Several 
very recent reports should be mentioned, however. Ward and Wishnok s07 
studied the liquid phase vacuum ultraviolet photolysis of benzene and 
were able to identify Dewar benzene 78, benzvalene 79 and fulvene 80 in 
the relative amounts of 1:5:2, respectively. The quantum yields for the 
formation of 78--80 were estimated to be 0.006, 0.03 and 0.012, respec- 
tively. The low quantum yields suggest that  radiationless transitions to 

78 79 8O 

the ground electronic state may  be important  in this system, since 
neither fluorescence nor phosphorescence is significant when neat liquid 
benzene is photolyzed in the vacuum ultraviolet. 

The irradiation of benzene vapor at 1849 ~ is reported to produce 
cis-l,3-hexadien-5-yne at about one-fourth the rate of fulvene forma- 
tion 61). I t  was also noted that  fulvene vapor produces benzene when 
irradiated at 2537 A. This does not occur in solution or in the gas phase 
with 1849 2~ light. Irradiation of the 1,3-hexadien-5-yne vapor at 2537 A 
produced a 2:1 mixture of benzene and fulvene. At 1849/~ polymeric 
material was produced. 

I t  thus appears that  benzene derivatives, like other conjugated 
trienes, undergo cyclization reactions to produce bicyclic or tricyclic 
intermediates. In some instances these intermediates have been isolated 
and characterized. 
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7. Photolysis of Acyclic Conjugated Trienes 

Acyclic conjugated trienes can undergo several modes of photoisomeriza- 
tion, of which the most common is reversible ring closure to a 1,3-cyclo- 
hexadiene 62). There are at least three other reaction pathways open to 
triene which can be regarded as irreversible. Bond crossing of the two 
terminal bonds could occur to give a bicyclo[2.1.1]hexene system. A 
second type of bond crossing reaction can lead to a bicyclo[3.1.0]hexene. 
Migration of a hydrogen can lead to an allene. The latter two reactions, 
in addition to 1,3-cyclohexadiene formation, are those observed most 
often experimentally 62). 

Irradiation of 1,3,5-hexatriene (81) in the vapor phase leads to the 
formation of 1,3-cyclohexadiene (82), benzene, hydrogen, and 1,9,,4- 
hexatriene (83), in addition to a liquid polymer 63). Determination of 
the quantum yield 64) led to the conclusion that  83 may originate from 
an electronically excited molecule, while benzene and hydrogen occur 
from a vibrationally excited ground state molecule (1,3-cyclohexadiene) 
formed by  internal conversion from the electronically excited molecule. 

Irradiation of 1,3-cyclohexadiene (82) in ether solution leads initially 
to the formation of 1,3,5-hexatriene (81) and extended irradiation yields 
a mixture (ca. 1 : 1 ) o f  bicyclo[3.1.0]hex-2-ene (84) and 3-vinylcyclo- 
butene (85) 65). 

/ % / % /  

83 

�9 
82 

c 
81 

84 85 

Irradiation of 6-methyl-l,S,5-heptatriene (86) gives the expected 
6,6-dimethylbicyclo[3.1.0]hex-2-ene (87) as the only monomeric prod- 
uct 66). Irradiation of 4-deuterio-6-methyl-l,S,5-hexatriene (88) afforded 

H 
H%cH  

h ~  H. L ~CH3 

HsC CHs 

86 87 
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the labelled 6,6-dimethylbicyclo[3.1.0]hex-2-ene (89) on the basis of 
its nmr spectrum. The data suggest that  in simple cases, photoisomeriza- 
tion of 1,S,5-hexatrienes or 1,3-cyclohexadienes to bicyclo[3.1.0]hexenes 
proceeds via a bond switching process from the cyclohexadiene (path a) 
or an electrocyclic reaction of the hexatriene, formally analogous to an 
intramolecular Diels-Alder reaction (path b), and that  the hypothetical 
intermediate, 2-vinylbicyclo[1.1.03butane (path c ) i s  not formed. The 
latter path would have resulted in the formation of equivalent amounts 
of 89 and 90. 

o 4 

�9 

Hs H S ~"-~..~ 
88 

H.~ H3 
H'L. ~9~CH3 

v "D 

89 

H 
H.~.~CHs ~_~CH S H D 

, <  'ca. / /  ~V ~CH~ 
- -  " ~  7 - I  D 

90 

Irradiation of ,r (91) in ether solution gives a mixture 
of acyclic trienes (92) a~). Further irradiation leads chiefly to two mono- 
melic products, 93 (ca. 50%) and 94 (ca. 10%) sT). 

91 92 93 94 
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Irradiation of 1,6-dimethyl-l,3,5-hexatriene (95) in ether solution 
gives a polymer, recovered 95, and 5,6-dimethylcyclohexa-l,3-diene 
(96) 6s). The recovered monomeric products consisted of 90--95% of 95 
and 5--10% of 96. Irradiation of 96 gave a similar mixture. 

C ~  Ha �9 ~ CHs 

H 3 ~ "CH 3 

95 96 

Irradiation of 1,3,4,6-tetraphenyl-l,3,5-hexatriene (97) through a 
Pyrex filter yielded a single photoproduct in high yield 69). The structure 
proposed by these authors for the photoproduct was 98. Subsequent 
investigation indicated that the structure of the photoproduct was in 
fact 99 70). There was insufficient evidence to permit determination of 
the immediate precursor of 99. 

HsC6~c6H5 HsC6~C6H5 HsC6~-C6H5 

H~C6"~''L~CsH5 HsC~"~'C6H5 HsC ~ Y "H 
C6H5 C8H5 

97 98 99 

When a mixture of the two 4-trans-aUoocimenes (10% of lOOa, 90% 
of lOOb) was irradiated, six main photoproducts were obtained (100c, 
lOOd, 101--104). Two of these (100c and lOOd) disappeared, together 
with lOOa and lOOb, on prolonged irradiation 71). Triene 102 arises 

+ h, > + + 

lOO a lOO b 100r lOO d 101 

+ 

102 103 
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from a 1,5-hydrogen migration. Available evidence indicated that 
product 703 probably arises from the lowest excited singlet state of 
100d rather than from 701. The structure of product 704 is probably 
similar to that of 703, but the compound could not be isolated in sufficient 
quantity to allow for an unambiguous structural determination. 

Transformations of other acychc conjugated trienes (particularly ill 
the vitamin series) have been summarized previously z}. 

8. New Developments in Tropone Photochemistry 

As indicated in the Introduction, the photochemistry of tropones 
proceeds via three different modes, called A, B, and C, with type C OCCUlT- 
ing in complex polycyclic troponoids. Mukai and Miyashi 72) have ob- 
Served the first example of a photoreaction of a simple troponoid system 
to undergo the type C isomerization. Irradiation of 5-phenyltropolone 
methyl ether (704) in methanol yielded 3-methoxy-6-phenyl-A 8, 6-bicyclo- 
[3.2.0]heptadien-2-one (105). The effect of the substituent is important, 

0 

~ O M e  ~ . ~ O M e  

Ph Ph" 
104 105 

as Dauben ab) has demonstrated that irradiation of 5-isopropyltropolone 
methyl ether resulted in type B cyclization, indicating that the phenyl 
and isopropyl groups appear to have different effects on the photochem- 
istry of troponoid systems. 

Irradiation of a methanol solution of 5-phenyltropolone (105) was 
found to give product 107 in addition to resinous products. Since 707 is 
assumed to arise from the 1,3-diketone 109 by way of formation of the 
type B cyclization product 108 followed by rearrangement, 105 properly 
belongs to the class of type B cyclizations. IR data of the resinous photo- 

O 

C6H5 L C6Hs C CO,Me C6H5 

106 108 109 107 
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products indicated the presence of the a-diketone 110, the type C cycliza- 
tion product, but 170 could not be isolated. However, irradiation of 106 
in methanol containing a trace of acid yielded the expected product 111 
in low yield. Although irradiation of 706 gave a complex mixture of 

O OMe OMe 

C6H 5 CeHs 

110 111 

products, it can be considered that irradiation of 106 results in both 
types B and C cyclizations. 

For a mechanistic interpretation of the photoinduced valence isomeri- 
zation of tropolone methyl ethers, Mukai and Miyashi have assumed that 
two excited state species 112 and 114 need to be considered. If 712 is 
stabilized by substituents in the tropolone ring, cyclization will give the 
product 113, but if 174 is more stable, product 175 will be favored. In the 

0 

Me 

R 1%" 

112 113 

0 

R R 

111 115 

case of R=CsHs, species 112 will be more stabilized by the styrene 
chromophore, giveing rise to type C cyclization product 113. 

The photochemistry of 5-chlorotropolone 717 and its methyl ether 
116 were studied to investigate the effect of a chlorine substituent in the 
photoinduced valence isomerization 78). Irradiation of 116 gave as 
products 118, 119, and 120. 

Irradiation of 117 gave 121, 122, 123, and 124. Studies showed that 
117 afforded the type C cyclization product 721 as the primary reaction 
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0 

OCH3 MeO OCH 3 

, + + COzM e 
Cl C( Cl" 

116 118 119 120 

0 

+ C02 + ). , O 
Cl cl c1 

117 121 722 123 

which proceeded by photochemical change to the dimer 124, and non- 
photochemically to 119 and 723 by reaction with solvent. Compound 122 

arises from a type B cyclization followed by rearrangement and ring 
opening. Thus, the introduction of a chlorine substituent at C5 is tropo- 
lone and in the methyl ether leads to a change in cyclization from type 
B to a mixture of B and C. 

A recent review ?4) summarizes many photochemical conversions of 
monocyclic tropolones, colchicine, isocolchicine, and benzotropolones to 
bicyclo[3.2.0Jhept a-3,6-dien-2-one derivatives. 

9. Summary  

It  is evident that substituents play an important role in the photo- 
chemically induced cyclization and migration reactions of conjugated 
trienes. Cycloheptatrienes isomerize to other trienes by migration and 
the direction of migration is frequently controlled by substituents 
present in the ring. The direction of cyclization to the bicyclo[3.2.0]- 
heptadiene system is also dependent upon substituents. The relative 
competition of these two types of reactions has been shown to depend 
on the type of substituent present in the ring system. Most evidence 
indicates that these reactions are most likely excited singlet state 
reactions. 

Cyclooctatrienes undergo both ring opening and cyclization reactions. 
The cyclization reactions produce both bicyclic and tricyclic derivative. 
Similarly, benzene derivatives cyclize to bicyclic derivatives (Dewar 
benzenes) or tricyclic analogues (benzvalenes). Tropolones undergo 
cyclization in one of three directions depending upon the substituents 
present. 
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W h i l e  t h e  r e a c t i o n s  of  c o n j u g a t e d  t r i ene s  a r e  fa r  f r o m  be ing  c o m -  

p l e t e l y  u n d e r s t o o d  a t  p resen t ,  i t  s eems  c l ea r  t h a t  a n u m b e r  of f a c to r s  a r e  

u n d o u b t e d l y  r e spons ib l e  fo r  t h e  h i g h  degree  of s e l e c t i v i t y  n o t e d  in  t h e s e  
reac t ions .  O r b i t a l  s y m m e t r y  cons ide ra t ions ,  n - e l e c t r o n  d i s t r i b u t i o n s  

w i t h i n  t h e  e x c i t e d  s t a t e  m o l e c u l e  a n d  s t e r i c  c o n s i d e r a t i o n s  a l low for  a 

r a t i o n a l i z a t i o n  of  m a n y  of t h e  o b s e r v e d  processes .  A m o r e  d e t a i l e d  u n d e r -  

s t a n d i n g  of t h e s e  r e a c t i o n s  m u s t  a w a i t  f u r t h e r  s t u d y .  
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E i n l e i t u n g  

E s  w i r d  ein ~ )berb l i ck  f iber  d ie  R a d i o l y s e  u n d  U V - P h o t o l y s e  y o n  a l i p h a -  

t i s c h e n  A l k o h o l e n  gegebena ) .  

E i n e r  g e r i n g e n  Z a h l  v o n  A r b e i t e n  f iber  d ie  U V - P h o t o l y s e  y o n  A l k o -  

h o l e n  s t e h e n  v ie le  A r b e i t e n  m i t  i o n i s i e r e n d e r  S t r a h l u n g  ( C o - - 6 0 - - u  

R 6 n t g e n s t r a h l u n g ,  b e s c h l e u n i g t e  E l e k t r o n e n  u . a . )  gegenf ibe r .  D a h e r  soU 

hier  z u e r s t  d ie  R a d i o l y s e ,  d a n n  die  P h o t o l y s e  b e h a n d e l t  w e r d e n .  

a) Eine Zusammenfassung fiber die Strahlenchemie der Alkohole soll als Bericht 
des Kernforschungszentrums Karlsruhe (KFK-Bericht) ver6ffentlicht werden. 
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Radio lyse  von Alkoholen  

1. Prim~irprozesse (Ionisation, elektronische Anregung, Ionen-Molektil- 
reaktionen) 

Fiir die meisten strahlenchemischen Untersuchungen wird die bequem 
zu handhabende Co--60-y-Strahlung verwendet. Die Energien der 
Co-60-y-Quanten betragen 1,17 und 1,32 MeV. Bei ihrer Einwirkung 
auf das Medium entstehen fiber den Compton-Effekt in der Materie 
hochenergetische Elektronen, die Sekund~irelektronen unterschiedlicher 
Energie und Reichweite erzeugen. Energiereiche Sekund~trelektronen 
kSnnen weitere Ionisationen verursachen. Bei Alkoholen wird mit einem 
Energieaufwand yon 25 eV ein Ionenpaar gebildet (gemessen in der 
Gasphase 5)), d.h. ein einziges y-Quant vermag etwa 50000 Ionisationen 
hervorzurufen. Da das Ionisationspotential der Alkohole bei 10 eu liegt, 
so folgt daraus, dab nur ein Teil der abgegebenen Energie in den Ionisa- 
tionsakten verbraucht wird. Der Rest wird in elektronische und thermi- 
sche Anregungsenergie umgewandelt. 

Die ffir die Strahlenchemie wichtigen PrimtLrakte sind demnach Ioni- 
sation (Reaktion (1)) und elektronische Anregung (Reaktion (2)). 

R O H  ~ R O H  + + e-  (1) 

ROH ~ ROH ~ (2) 

ROH* soil hierbei keinen spezifisch angeregten Zustand symbolisie- 
ren. Nach der optischen N~ihemng 98} werden hochangeregte Zustitnde 
mit grSi3erer Wahrscheinlichkeit gebildet als niedrig angeregte Zust~inde. 
Auch fiberangeregte Zust~nde (su~berexcited states) sind zu erwarten 97,9s). 
So angeregte Molekfile kGnnen in molekulare oder radikalische Bruch- 
stiicke zerfallen, mit einem benachbarten Molektil eine Reaktion ein- 
gehen oder einfach desaktiviert werden. Auch die in Reaktion (1) gebil- 
deten Radikalionen k6nnen elektronisch und/oder thermisch angeregt 
sein und analog den nicht ionisierten angeregten Molekfilen fraglnentie- 
ren. Ein Teil der bei der Radiolyse entstehenden Radikale hat einen 
Energieinhalt, der fiber dem der thermischen Energie liegt; die Radikale 
sind ,,heil3" is~). Nur unter gfinstigen experimentellen Bedingungen 
gelingt es, Reaktionen heil3er Radikale von molekularen Fragmentie- 
rungsreaktionen zu trennen. 

Massenspektrometrische Untersuchungen am Methanol haben ge- 
zeigt, dab das nach Reaktion (1) entstandene Radikalkation die Ionen- 
molekfilreaktionen (3) und (4) eingeht. 

CHaOH + + CHaOH --~ CH30" -5 CHaOH + 

CHsOH + + CHaOH -~ CHsOH + -]- CH2OH 

(3) 

(4) 
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Beide Reaktionen treten unter massenspektrometrischen Bedingun- 
gen zu etwa gleichen Teilen auf 14s, 107). Die Reaktionsgeschwindigkeits- 
konstante betr~gt fiir die Gesamtreaktion (k3 +k4) = 14,6.10 -10 cmS/ 
Molekfil .s 14s). In Reaktion (3) entsteht neben dem protonierten Alkohol 
ein Oxy-Radikal, in Reaktion (4) ein Hydroxyalkyl-Radikal. Basson 18) 
konnte bei der Radiolyse des Athanols in flfissiger Phase das ,~thoxy- 
Radikal abfangen. Die Hydroxyalkyl-Radikale sind durch die Dimeri- 
sierungsprodukte, die Glykole, sowie durch ESR-Messungen nachgewie- 
sen worden. ~-Hydroxyalkyl-Radikale entstehen nicht nur tiber Reak- 
tion (4) sondern auch noch fiber H'-(3~bertragungsreaktionen (s. Kap. 6). 

Das in Reaktion (1) gebildete Elektron kann in polaren L6sungsmit- 
teln solvatisiert werden. Das Verhalten der solvatisierten Elektronen in 
alkoholischen Medien soll im nAchsten Kapitel behandelt werden. 

2. Das solvatisierte Elektron 

Nach den Vorstellungen yon PIatzman 96) und Stein 13e) wird das bis auf 
thermische Energie abgebremste Elektron in polaren Medien solvatisiert. 
Hayon lind Weiss 6s) gelang es, das solvatisierte Elektron in seiner Reak- 
tion mit der Chloressigs~iure (Dissoziativer Elektroneneinfang, C1--Bin- 
dung) yon der Reaktion des Wasserstoffradikals (H'-t3bertragung) zu 
trennen. Dainton et al. 34,2~) haben dutch Messungen des kinetischen 
Salzeffekts die einfach negative Ladung dieser Spezies bewiesen. Schulte- 
Frohlinde und Eiben 116) konnten zeigen, dab in alkalischen G1Xsern und 
Alkoholaten bei der Temperatur des fltissigen Stickstoffs das Elektron 
in der Matrix stabilisiert werden kann. Das Elektron bedingt in diesen 
Gl~isern eine starke Absorption im Sichtbaren; die Gl~iser sincl blau 
gefiirbt. Im ESR-Spektrum zeigt das Elektron das erwartete Singlett. 
Im selben Jahr (1964) wurde das solvatisierte Elektron auch in flfissigem 
Wasser s4, 72) und sp~iter in den Alkoholen 2,141) mit Hilfe der Pulsradio- 
lyse nachgewiesen. Aufgrund von Radikalfiingerversuchen war sein Auf- 
treten bei der Radiolyse von Alkoholen sehon frfiher postuliert worden 21). 
Solvatisierte Elektronen in Alkoholen sind aul3erdem auf anderen Wegen 
herstellbar (z.B. durch Blitzphotolyse yon Jodiden s3,4~) oder clurch 
Aufdampfen yon Alkalimetallen im rotierenden Kryostaten bei tiefer 
Temperatur 23,9,4)). 

Tabelle 1 zeigt die Absorptionsmaxima, die Halbwertsbreiten und 
die Temperaturkoeffizienten der e~olv.-Bande sowie die pulsradiolytisch 
bestimmte Ausbeute (G(e~olv.)) b) ein- und mehrwertiger Alkohole. 
Offenbar wird mit sinkender statischer Dielektrizitiitskonstante (DK) 

b) Der  G - W e f t  i s t  da s  NIal3 de r  s t r a h l e n c h e m i s c h e n  A u s b e u t e .  E r  i s t  de i ln ier t  als  
Zahl  der  gebildetelx Molektile (1Radikale etc.) p ro  100 eV absorb ie r t e  Energie .  
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des Alkohols die Absorptionsbande des e s o l v  , Z U  1/ingeren Wellen ver- 
schoben. Sauer, Arai und Dorfman 113) fanden eine lineare Beziehung 
zwischen der DK des Alkohols und der Energie des fJbergangs. Eine 
Ausnahme macht das n-Butanol, bei dem nach dieser Beziehung das 
Maximum der e~otv.-Bande bei 800 nm liegen sollte jedoch bei 680 nm 
liegt 13) Die Maxima der e~olv.-Banden sind stark temperaturabh~ingig. 
Mit sinkender Temperatur werden sie zu h6heren Energien verschoben 
(s. Tabelle 1). 

Tabelle 1. Absorptionsmaxima, Halbwertsbreiten, Temperaturkoeffizienlen der e~'olv.- 
Bande sowie G (e~olv,) yon bestrahlten ein- und mehrwertigen A lkoholen (hack A rai und 
Sauev 1~) und Sauer, Arai und Dorfman 113)) 

Alkohol DK 2max. Emax. VlYal, ~dEmnx./dT G(e~olv.) 
(nm) (eV) (eu (eV/~ 

Glycerin 42,5 525 2,35 1,5 
Glykol 39 580 2,14 1,35 1,2 
Methanol 34 630 1,96 1,29 2,2. I0 -~ I ,I  
~thanol  23 700 1,77 1,55 3,4.10 -3 1,0 
n-Propanol 21 740 1,67 l,O 
Isopropanol 19 820 l,Sl 1,22 3,5. I0 -a 1,0 
n-Butanol 18 680 1,83 4,5.10 -a 

In unpolaren L6sungsmitteln (z. B. Cyclohexan) genfigt ein Zusatz 
yon nut 4% Methanol, um das charakteristische Spektrum des solvati- 
sierten Elektrons zu erzeugen 7a). Das Maximum ist etwas zu l~ngeren 
Wellen verschoben; die Ausbeute (G. e) ist sehr viel h6her, als dem Anteil 
des Methanols an der Mischung entspricht. Eine Methanol-Clusterbildung 
im unpolaren Cyclohexan wird diskutiert. In Alkohol-Wasser- und Alko- 
hol-Alkohol-Mischungen zeigt sich nut eine Absorptionsbande. Bei 
Mischungen liegt das Maximum der Bande zwischen denen tier Kompo- 
nenten 12). In Jkthanol-Wasser- und Isopropanol-Wasser-Mischungen 
verlAuft die Halbwertsbreite der Absorptionsbande des solvatisierten 
Elektrons nicht linear mit dem Molenbruch der Komponenten. Bereits 
ein geringer Wasserzusatz senkt die Halbwertsbreite und bei einem An- 
tell von 35 Mol% H30 wird schon die gleiche Halbwertsbreite wie in 
reinem Wasser gefunden. Dieser Befund deutet darauf hin, dab in diesen 
Mischungen das Wasser einen wesentlichen Beitrag zur Siruktur der 
Solvathi~lle des Elektrons leistet. 

Die Ausbeute an solvatisierten Elektronen wurde ~iber die Konkurrenz 
mit Diphenyl (es entsteht das Diphenyl-Radikalanion) und mit Triphe- 
nylmethanol (es entsteht das Triphenylmethyl-Radikal) gemessen 140). 
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Ffir das Diphenylanion und das Triphenylmethyl-Radikal sind die mola- 
ren Extinktionskoeffizienten bekannt. Der so bestimmte Wert (G(e~olv.)) 
liegt bei 1,1. Der molare Extinktionskoeffizient des solvatisierten Elek- 
trons betrfigt ca. 104. Die Radikalanionen der Aromaten sind in den 
Alkoholen wenig stabil. Sie werden rasch (z/2 ---- 0,4 --175 ~sec) protoni- 
siert und gehen in entspr. Cyclohexaclienyl-Radikale fiber 11). 

Die Reaktivitdt des Elektrons gegenfiber mono- und disubstituierten 
Benzolderivaten in Konkurrenz zu der Reaktion mit dem N20 hat 
Sherman 119,120) in Methanol und Isopropanol untersucht. Analog zu 
der Reaktion in Wasser 8) findet sich ein linearer Zusammenhang zwi- 
schen den Hammettschen a-para-Werten und dem Logarithmus der 
Reaktionsgeschwindigkeitskonstanten. Der e-Wert ist positiv. Dieses 
Ergebnis kann als eine bimolekulare nukleophile Reaktion, S~2, gedeutet 
werden. Der e-Wert der Reaktion in Methanol unterscheidet sich mit 
4,7 kaum von dem in Wasser (4,8), wiihrend der ~-Wert in Isopropanol 
nut 3,1 betr~tgt. Die Halogenderivate des Benzols (Chlorbenzol, Brom- 
benzol und Jodbenzol) erffiUen die obengenannte Beziehung nicht so 
gut wie andere Benzoldefivate (z. B. Phenol, Toluol oder Nitrobenzol). 
Die ReaktivitAt der Halogenderivate gegenfiber dem solvatisierten Elek- 
tron ist gr6Ber als aufgrund dieser Beziehung zu erwarten ware. Ein 
dissoziativer Elektroneneinfang unter Halogenidion-Bildung k6nnte zu- 
s~itzliche Reaktionswege 5ffnen. 

Nicht nut in Alkoholaten 116), sondern auch in reinen Alkoholen kann 
das Elektron bei tiefer Temperatur stabilisiert werden 32,102,25,31) 
Schon bei der Temperatur des flfissigen Stickstoffs reagiert es in ~-thanol 
langsam (~/2 ca. 7 Tage) mit seiner Umgebung unter Bildung von H- 
Radikalen 4s). Bei 77 ~ K werden in der Matrix mehr Elektronen stabili- 
siert, als bei Zimmertemperatur mit der Methode der Pulsradiolyse solva- 
tisierte Elektronen erhalten werden (vgl. Tabelle 1 und 2). Ebenso wie in 
flfissiger Phase wird mit steigender DK das Absorptionsmaximum nach 
kiirzeren Wellen verschoben. Diese Verschiebung ist mit einer Linien- 
verbreiterung des ESR-Signals verbunden 47) (s. Tabelle 2). 

Das yon Bennett, Mile und Thomas 23,24) dutch Aufdampfen von 
Alkalimetallen und Alkohold~mpfen an einem rotierenden Kryostaten 
erhaltene, in der Alkoholmatrix stabilisierte Elektron zeigt Ahnliche 
spektroskopische Eigenschaften wie bestrahlte Alkohol-Gl~ser. 

Dutch Licht (~ > 540 rim) l~Bt sich die Elektronenbande ausbleichen. 
Im Gegensatz zu den Elektronen, die in Medien wie Tri~thylamin 36), 
3-Methylpentan 123), 2-Methyl-tetrahydrofuran 10~.,4s) und neutra- 
lem 126,152) oder alkalischem Eis 14,118) stabilisiert sind, wird in den 
Alkohol-Gl~sern das Elektron nicht aus seiner ElektronfaUe befreit und 
beweglich, sondern das Elektron reagiert mit seiner Umgebung unter 
Bildung eines H-Radikals as). 

337 



C. v. Sonntag 

Tabelle 2. Absorptlonsmaxlma der e~--Banden und die Ausbeuten (G(e~-)) bzw. 
(G'~) und Linienbreiten des ESR-Signals verschiedener Alkohol-Gliiser 

Alkohol 2max. G.e. 10 -4 G (e~') /I H Lit. 
(nm) Gauss 

Glycerin 

Glykol 

Methanol 

Xthanol 

495 

515 

,~516 
52O 
533 
526 
522 

~516 
540 

~556 
530 

3,46 
34-0,3 

n-Propanol 555 2,15 4- 0,2 
560 

Isopropanol 615 3,0 
645 

n-Butanol 506 
562 

Isobutanol 705 

n-Pentanol 570 

34-0,1 
2,7 4- 0,3 

2,2*) 

,-..,3 

2,3*) 

1,1 *) 

47) 

15 47) 

e) 
121) 
37) 
40) 

14 4'0 
:83) 

lO2) 
122) 

12 47) 
33) 

40) 
12 47) 

75,76) 

10 47) 
33) 

6) 
8 47) 

9 47) 

7 47) 

*) mit ESR bestimmt 

Die Elektronenfallen sind nicht  einheitlich in ihrer St ruktur .  Die 
grol3e Breite der Absorpt ionsbande rtihrt daher, daft die Elekt ronen  in 
verschieden tiefen Fallen sitzen. Die in flachen Fallen festgehaltenen 
Elektronen kSnnen durch Bestrahlen am langwelligen Ende  der Absorp- 
t ionsbande ausgebleicht werden. Auch  werden sie beim langsamen Er-  
w/irmen der bestrahl ten Glliser als erste beweglich. I n  beiden Fitllen ver- 
schiebt sich dabei das Maximum der Bande  nach  kiirzeren Wellen. 
Besonders deutlich kann  dies am n-Propanol-Glas  gezeigt werden al). 

Mit (B-10(n,a)Li-7)-Teilchen bestrahlte  Athanol-Gliiser zeigen gegen- 
tiber der N-Strahlung (G(eT) ~-.3) eine sehr viel geringere Ausbeute  an 
stabilisierten Elektronen (G(e~)~0,14) 154). N u t  die Elektronen,  die 
in (%Bahnen erzeugt werden, scheinen stabilisiert zu werden. Eine 
Erweichung des Glases und  eine dami t  verbundene  Mobilisierung der 
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Elektronen im und in der NAhe des Ionisationszylinders (s. u.) wird dis- 
kutielt. 

Die Reaktionen des solvatisierten Elektrons mit  verschiedenen Sub- 
stanzen studielten insbes, die Arbeitskreise um Hamill 10z,sg,121,1sl) 
und Dainton 37-41). ESR-spektroskopische Untersuchungen wurden yon 
Chachaty und Hayon 31,33,30) unternommen (vgl. auch Kap. 10). 

l]ber die Reaktionen des solvatisierten Elektrons in anderen Medien, 
haupts~iehlich Wasser und Ammoniak, sind eine groBe Zahl zusammen- 
fassender Artikel erschienen 145,46,74,114,149,85,68,20,28). Eine Zusam- 
menstellung der Reaktionsgeschwindigkeiten des solvatisierten Elektrons 
in Wasser geben Anbar und Neta 10), Daten fiber Absorptionsspektren 
und sonstige Charakteristika solvatisierter Elektronen in verschiedenen 
Medien haben Habersbergerovd, Janovsk:p und Tepl~ 54) zusammenge- 
tragen. 

3. Der Mechanismus der Wasserstoffbildung 

Der bei der Radiolyse yon Alkoholen entstehende Wasserstoff kann ver- 
schiedene Vorl~iufer haben: solvatisierte Elektronen, ,,thermische" H- 
Radikale und ,,heil3e" H-Radikale. Zudem kann Wasserstoff in einer 
molekularen Fragmentierungsreaktion entstehen. 

Die Elektronen reagieren nach G1. (5) (protonierter Alkohol entsteht 
aus der Ionenmolektilreaktion des Alkoholradikalkations mit einem 
Alkoholmolekfil, s. Reaktionen (3) und (4)) oder (6) zu H-Radikalen, die 
dann nach G1. (7) zu molekularem Wasserstoff fiihren. 

R O H  + + es-olv. --*- ROH + H" (5) 

R O H  + e~olv. --~ R O -  --}- H" (6) 

H" + RCHz0H -~ H2 -}- RCHOH (7) 

Mit der Pulsradiolyse wurde fiir solvatisierte Elektronen ein G-Welt 
von 1,0--1,2 erhalten. Dieser G-Welt entspricht etwa dem Anteil der 
Elektronen, der dem Coulomb-Feld des Gegenions entkommt. Free- 
man ~7,1o5,104) hat in Untersuchungen fiber Alkohol/N 20-Systeme zeigen 
kSnnen, dab ein sehr viel gr6Berer Anteil, n~imlich G(e~olv.) = 4,0 bis 4,6 
gebildet wird. Abet nicht alle Elektronen ftihren zu H-Radikalen und 
damit zu H2, sondern ein Tell yon ihnen (G ~ 1) reagielt in der Spur mit 
schon gebildetem Aldehyd oder Keton bzw. mit Alkoholradikalen, ohne 
dab Wasserstoff entsteht. Ein Protonen-Zusatz kann mit diesen Reak- 
tionen in Konkurrenz treten, und gem~iB Reaktion (5), gefolgt yon Reak- 
tion (7), bildet sich zus~ttzlicher Wasserstoff. 

Der nicht fiber Elektronen als Vofliiufer entstehende Anteil betriigt 
nut etwa 20--25% des Gesamtwasserstoffs. 
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Falls die in Wasser gemessenen Reaktionsgeschwindigkeitskonstanten 
auf die Alkohole fibertragen werden dfirfen, dann reagieren thermische 
H-Radikale (H') mit den Alkoholen mit Reaktionsgeschwindigkeitskon- 
stanten yon 1,6-10 6 1]mol.s (mit Methanol) bis 5-10 7 1/mol.s (mit Isopro- 
panol) 10). D. h. ein sehr guter F~nger (k = 101~ I/mob s) kann erst in Kon- 
zentrationen ab 10 -~' mol/l ,thermische' H-Radikale abfangen. ,HeiBe' 
H-Radikale kSnnen nicht mehr abgefangen werden und sind in den 
Angaben fiber die ,,molekulare" Ausbeute in der Regel mit enthalten. 

Ffir Methanol und Athanol werden nicht abfangbare Ausbeuten 1,3,1~) 
von G(H2)na = 1,7 gefunden. Nach Freeman 103,67) betr~gt der Anteil 
des Wasserstoffs, der nicht fiber Elektronen als Vorlaufer gebildet wird, 
ffir Methanol G = 1,8 und ffir Athanol G ---- 2,2. Diese Werte liegen nahe 
den Werten ffir nicht-abfangbaren Wasserstoff, so dab entweder die 
Radikalfgnger (Benzochinon, FeC13 1,3), Chloressigsiture 17)) nicht effektiv 
genug sind, um die thermischen H-Radikale abzufangen, oder thermische 
H-Radikale nur in untergeordiletem Mal3e als prim~re Wasserstoffvor- 
l~iufer auftreten. 

4. Untersuchungen mit Radikalf~ngern; homogenkinetische Betrachtung 

Die homogenkinetische Betrachtung yon Radikalabfangreaktionen geht 
yon der Annahme aus, dab die Radikalkonzentrationen fiber die gesamte 
L6sung statistisch ist. Diese Annahme ist ffir die Radiolyse nur sehr 
bedingt gfiltig s6). In den Bereichen gr613erer Energieabgabe (slhurs, 
blobs, tracks ss,93)), in denen nicht nur ein einziges Radikalpaar gebildet 
wird, herrscht eine gegenfiber der fibfigen L6sung sehr viel grSl3ere 
Radikaldichte mit entsprechend hohen Kombinationsraten. In diesen 
Bereichen trit t  dann nach kurzer Zeit (ca. 10 -8 s) ss) eine lokale Ver- 
arrnung an Radikalf~ingern ein und Radikal-Kombinationsreaktionen be- 
kommen eine gr613ere Bedeutung, als bei statistischer Verteilung von 
Radikalpaaren zu erwarten w~ire. Trotzdem hat die homogenkinetische 
Betrachtung in Ermangelung guter, physikalisch begrfindeter und mathe- 
matisch einfach zu behandelnder Modelle vielfach Anwendung gefunden 
und teilweise auch gute Ergebnisse erzielt. 

Das einfachste Modell geht yon einem Radikal aus, welches z.B. mit 
dem L6sungsmittel zu einem bestimmten Produkt ffihrt. Bei Zugabe 
eines Radikalf~ingers kann dieser mit dem Radikal reagieren und das 
Produkt wird nicht gebildet. Hierffir lassen sich die Gleichungen (8) und 
(9) schreiben, wobei X das Radikal, RH das L6sungsmittel, S der Radikal- 
f~inger und P das Produkt bedeuten soil 

x + ~ H  ~' , p (S) 

X -]- S 1~* , nicht P (9) 
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Dann ist 

)~i [RH] (I0) 
G(P) = G(P)o" k~ [RH] + k2 [S] 

wobei G(P) der bei der FAngerkonzentration IS] gemessene, G(P)o der 
ohne Zusatz yon S gemessene G-Wert von P ist. 
Aus (10) und (11) 

io1~ (12) 

A G(P)=G(P)o--G(P) 

A G(P) = G(P)o -- G(P)o k, [RH] 
hl [RH] + ks [S] 

(11) 

(12) 

deren Inverses (13) liefert 

1 __ 1 (1 _[ kl[RH]) (13) 
A c(P) G(P)o k2 [s] 

Tfitgt man 1/AG(P) gegen [RH]/[S] auf, so erh~tlt man eine Gerade. 
Entsteht P noch tiber einen weiteren ProzeB, der durch S nicht beein- 
flul3t wird, dann verl~uft die Gerade nicht durch den Nullpunkt und der 
Abschnitt auf der y-Achse ergibt den reziproken Wert der nicht abfang- 
baren Ausbeute an P. 

Diese Ausbeute wird in der Literatur h~iufig als ,,molekulare" Aus- 
beute (,,molecular yield") bezeiehnet. Sie sollte wohl besser mit ,,nicht 
abfangbare" Ausbeute bezeichnet werden, da die ,,molekularen" Aus- 
beuten nicht nur aus echt molekularen Fragmentierungsreaktionen, 
sondern auch aus Reaktionen ,,heiBer" Radikale stammen 132). 

Betrachtungen ffir den komplizierten Fall, dab ein Radikalf~nger mit 
zwei verschiedenen Vofl~ufern des gleichen Produktes reagiert, geben 
Telblip und Habersbergerovg 144,142,143). 

Bei der Radiolyse yon Alkoholen mit verschiedenen Fitngern zeigt 
sich, dab bei der oben beschriebenen Auftragungsart ftir die Wasserstoff- 
ausbeute zwei Geraden erhalten werden: eine ftir den Konzentrations- 
bereich von 10 -s bis etwa 5-10 -3 mol/1 Fitnger und eine zweite ftir h6here 
Fitngerkonzentrationen. Von mehreren Arbeitskreisen 4,17,148) wird ange- 
nommen, dab dieser Effekt durch die Reaktion des FAngers mit zwei ver- 
schiedenen reaktiven WasserstoffvorlAufern, dem solvatisierten Elektron 
und dem H-Atom entsteht. Eine L~berschlagsrechnung mit bekannten 
(in Wasser gemessenen) Reaktionsgeschwindigkeitskonstanten 10) zeigt, 
dab diese Deutung wohl nicht richtig ist. Auch die F~ngerversuche yon 
Freeman 6~,x05,1o4) mit N~O sprechen gegen diese Deutung. 
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Freeman nimmt dagegen nut  einen abfangbaren Wasserstoffvorl/iufer 
an, das solvatisierte Elektron, und erkl~irt die experimentellen Ergeb- 
nisse mit einer nicht-homogenen Kinetik (s. folgendes Kapitel). Doch 
ist nach Hamill 5s~ auch mit Reaktionen nicht-solvatisierter Elektronen 
zu rechnen. Da tiber ihre Eigenschaften noch zu wenig bekannt ist, soll 
hier nut  auf diese M6glichkeit hingewiesen werden. 

5. Nicht-homogenkinetische Deutung von Elektronenabfangreaktionen 

Zur Deutung der Abh~ingigkeit der G-Werte der bei der y-Radiolyse ent- 
stehenden freien Ionen yon der DielektrizitAtskonstanten des Mediums 
hat Freeman s2~ ein Modell entwickelt, welches berticksichtigt, dab bei 
der y-Radiolyse Ionenpaare mit verschiedenen Abst~inden gebildet wet- 
den. Die Verteilungsfunktion der Entfernung der Elektronen yon ihrem 
Mutterion wurde abgesch/itzt 52~. Dem elektrischen Feld des Mutterions 
entkommen die Elektronen, deren Abstand > r ist, wobei r der kritische 
Radius ist, bei dem die Coulomb'sche Anziehung gleich der thermischen 
Energie (kT) wird. Die Wahrscheinlichkeit (r mit der ein Ionenpaar 
des Abstandes y seiner Rekombination entkommt und ,,freie Ionen" 
gebildet werden, ist dann 

r  = e - , / v .  

Der G-Wert der ,,freien Ionen" ergibt sich sodann zu 

G(freie Ionen) = (SN(y)r Ionisation). 

Dabei bedeutet N(y) die relative Zahl yon Elektronen, die einen 
Abstand y yon ihrem Mutterion erreichen. 

Eine ausftihrlichere Darstellung der Freeman'schen Berechnungen 
finder sich anderenorts 5z,07,1o3,106). 

Da die N20-Versuche von Freeman und ihre nicht-homogenkineti- 
sche Deutung eine wesentliche Alternative zu der homogenkinetischen 
Betrachtung bringen und zeigen, dab der gr6i]te Teil der Wasserstoffvor- 
l~ufer Elektronen und nicht, wie aus dem homogenkinetischen Ansatz 
abgeleitet wurde, H-Atome sind, soll zusammen mit einigem experimen- 
tellen Material auf den einfachsten Fall, die Wasserstoffbildung beim 
Methanol, eingegangen werden. Vorangeschickt werden soU: 

1. Protonenzusatz liiBt bei Alkoholen den G(H2)-Wert Ilach den 
Reaktionen (5) und (14) steigen. 

e~olv" + R0H + -~ H" + R0H (5) 

H" + ROH --~ H~ + Prod. (14) 
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2. N20 reagiert rasch mit solvatisierten Elektronen (k(in H~O) = 
5,6-100 1/mol-slO)) (Reaktion (15)), langsam jedoch mit H-Radikalen 
(k(in H~O) ---- 105 1/mol.sl0)). 

e~olv" -}- N20  --~N2 ~- O-  (15) 

Bei den Alkoholen ist eine Abnahme an Hz mit einer Zunahme an N2 
verbunden. 

Beim Methanol 67} steigt bei Zugabe von S~ure der G(H~)-Wert von 
5,4 auf 6,4. Die gleiche Konzentrationsabh~ngigkeit zeigt die Summe 
von H2 und N2 bei Zusatz von N20. Auch hier wird ein G(H2 W N2) 
von 6,4 erreicht, der Anteil des N2 betdigt 4,6. G(H2) ~ 1,8 kann dutch 
den Elektronenf~inger N~O anch in molarer Konzentration nicht unter- 
driickt werden. In der Auftragung G(N2) gegen log[N~.O] zeigt die Kurve 
bei [N20] ~ 10 -2 mol/1 eine Art Plateau. 

Jha und Freeman 67) geben den Befunden Iolgende Deutung: 
1. G(N2)max = 4,6 stellt den G-Weft der ,,totalen Ionisation" e) dar. 
Damit liegt der G-Wert der ,,totalen Ionisation", der in friiheren 

Arbeiten mit G ~ 3 diskutiert wurde lo3,52) n/ther an dem Weft, der 
aus dem W-Wert der Alkohole 5) zu erwarten w~ire (G(totale Ionisation) 
= 4) .  

2. S~tmtliche Elektronen werden solvatisiert, aber nur ein gewisser 
Teil (G = 2,0) entkommt der Rekombination in der Spur. Diese freien 
solvatisierten Elektronen reagieren, weil sie der Spur entkommen sind, 
homogenkinetisch mit zugesetzten F~.ngern. 

3. Der G(Hz)-Wert bei 10-a--10 -s mol/l Siiure und G(H~ + N2) bei 
10-a--10 -2 mol/1 N20 betr~igt 5,5. Dieser Wert entspricht dem G(H2)- 
Weft von ,,reinem" Methanol, da den Reaktionen von geringen Verun- 
reinigungen (z. B. Aceton) mit den solvatisierten Elektronen durch die 
Reaktion des H + bzw. NaO der Rang abgelaufen wird. In die Spur-Reak- 
tionen greifen das Proton und N20 bei diesen Konzentrationen jedoch 
nicht ein. 

4. Bei h6heren Protonenkonzentrationen steigt G(H2) an. Das An- 
steigen kann u.a. auf die innerhalb der Spur ablaufenden Konkurrenz- 
reaktionen (17) und (16) zuriickgeftihrt werden. 

es'-olv, q- CHaO" .+ CHaO- (16) 

e) Die ,,totale Ionisat ion"  ist  zwar in der  Gasphase, nicht  jedoch in der  fl/issigen 
Phase eindeutig definiert. I n  der fltissigen Phase wird yon Freeman der G-Weft  
der du tch  Elektroneaf~inger maximal  abfangbaren  Elektronen mi t  G(totale 
Ionisation) gleichgesetzt. 
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Das Methoxyradikal entsteht nach Gl. (3). 

CHsOH + + C H s O H  --~ CH30" + C H z O H  + (3) 

Den G-Wert ftir Reaktion (16) oder andere elektronenabfangende, nicht 
zu H2 ffihrende Spurreaktionen geben die Autoren mit 0,9 an. 

5. Die restlichen solvatisierten Elektronen, die ebenfalls der Spur 
nicht entkommen, reagieren mit dem nach G1. (3) gebildeten proto- 
nierten Alkohol zu H-Radikalen (G1. (17)}. Die Reaktion (18) ist nieht 
auszuschlieBen. 

CHaOH + + e~olv" -,- C H s O H  + H" (17) 

CH3OH + e~'olv. --~ C H 3 0 -  "1- H" (18) 

G(H2) aus dieser Quelle beir~igt 1,7. 
6. Ein G(H~)-Wert yon 1,8 ist durch Elektronenf~nger nicht zu unter- 

drticken. Dieser nicht abfangbare G(H~)-Anteil kSnnte fiber die Reak- 
tionen (19) bis (21) entstehen. 

CH3OH ~ H" + (CH30" ader "CH2OH ) 

CH3OH ~ H 2 + CH20 

(19) 

(20) 

CH3OH ~ CH2OH + + H ' +  e -  (21) 

6. H'-~J~ertragungsreaktionen und die Bildung der Glykole und Carbo- 
nylverbindungen 

Die w~ihrend der y-Radiolyse gebildeten H-Radikale (H') entziehen 
Alkoholen bevorzugt den zur Hydroxylgruppe ~-st~ndigen Wasserstoff 
und bilden mit  ihm H2. Der Angriff an tier Hydroxyl-Gruppe ist -- zu- 
mindest bei O-deuterierten Alkoholen -- vernachl~issigbar klein. Die D2- 
Ausbeute saurer O-deuterierter n-Alkohole liegt bei 1 bis 2% D2 117). 
Doch ist bei den deuterierten Alkoholen fiir den H'-Entzug durch 
thermische Wasserstoffatome ein hoher Isotopieeffekt einzurechnen. An- 
bar und Meyerstein 9) fanden beim Methanol fiir den H-Entzug an der 
Methylgruppe kH/kD = 20, ftir den reaktiveren terti~iren Wasserstoff 
des Isopropanols noch kH/kD = 7,5 =t= 1. Dieser Wert ist in guter Uber- 
einstimmung mit dem yon Vacek und v. Sonntag 14s) bestimmten Iso- 
topieeffekt yon kH/kD = 7,1 4-0,2. Ftir den Isotopieeffekt der Wasser- 
stoff-Obertragung auf thermische Methylradikale wurde beim Isopro- 
panol ein Wert von 8 gefunden if2). Es konnte gesch~itzt werden, dab 
im undeuterierten Isopropanol zu etwa 92,5% das terti~re H, zu 5% 
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der Wasserstoff der Hydroxylgruppe und nur zu 2,5% ein Wasserstoff 
der Methylgruppen auf das Methylradikal fibertragen wird 182). )i, hnliche 
Verh~iltnisse sind Ifir die n-Alkohole zu erwarten. Hier mug abet wegen 
der geringeren Reaktivit~it der cr Wasserstoffe eine geringere 
Selektivit~it angenommen werden. Die Reaktionsgeschwindigkeitskon- 
stante yon H-Radikalen mit den Alkoholen wurde in Wasser gemessen. 
Sie nehmen yore Isopropanol (8-107 l/tool.s) fiber das ~thanol (1,1.10T 
I/tool. s) und Methanol (1,6-106 1/mol-s) zum tert.-Butanol (105 l/tool.s) 
hin ab 10). Tert.-Butanol hat keinen zur Hydroxylgruppe ~-st~ndigen 
Wasserstoff, sein Verhalten entspricht etwa dem der Methylgruppe beim 
IsopropanoI. Ober H'-Ubertragungsreaktionen werden demnach bei pri- 
miiren und sekundaren Alkoholen dutch s~imtliche reaktiven Radikale 
(z.B. "OH, H', RO" und "CHs) bevorzugt cr 
gebildet (vgl. Reaktionen (7) und (3)). Diese Radikale kSnnen nach 
G1. (22) und (23) entweder zu Alkohol und Carbonylverbindungen dis- 
proportionieren (22), oder zu Glykolen dimerisieren (23). 

2 R1RzCOH #1 ~ R1R2CHOH + R1R2CO (22) 

2 RIRgCOH ~' ~ (RIR2COH)2 (23) 

Exakte Disproportionierungs-Dimerisierungsquotienten (kl/kz) sind 
nicht bekannt, jedoch wird angenommen, dab kl[kz in der Reihenfolge 
Methanol < Athanol < Isopropanol zunimmt. Diese Annahme stimmt 
mit den Befunden iiberein, dab bei der v-Radiolyse der Alkohole in der 
gleichen Rcihenfolge das Verh~iltnis G(Carbonylverbindungen) zu G(Gly- 
kole) von 0,57 fiber 1,9 auf 6,6 zunimmt. Diese Werte dfirfen aber nicht 
als relative Disproportionierungs-Dimerisierungsquotienten angesehen 
werden. Aufgrund der LET-Effekte (s. folgendes Kapitel) ist vielmehr 
anzunehmen, dab das durch den Prim~irakt (1) gefolgt yon (24) gebfldete 
Alkoxy-Radikal einen wesentlichen Beitrag zur Carbonylbildung leistet. 

ROH ~ Roa + + e- (I) 

ROll + + 1%O1-1 - -~  RO" + ROH + (24) 

Dieser Beitrag kann von Alkohol zu Alkohol schon allein wegen der 
unterschiedlichen ReaktivitAt der Alkohole und Alkoxy-Radikale ver- 
schieden grog sein. Da die Oxy-Radikale bevorzugt disproportionieren42), 
entstehen nach (25) und auch nach (26) nur Carbonylverbindungen. 

2 R1R2CHO" -+ RllZzCHOH + R1R2CO (25) 

RIR~CHO" + RIR~6OH ~ RIReCHOH + RIR~CO (26) 
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Die entsprechende Dimefisierungsreaktion (27) 

R1 R1 R1 R1 

I I I I 
H--C--O" + "C--OH * H - - C - - O - - C - - O H  

I I I I 
R~ R2 R2 R2 

(27) 

liefert das Halbacetal der Carbonylverbindung, welches leicht hydro- 
lytisch in die Carbonylverbindung und den Alkohol iibergeht. Die Dis- 
proportionierung der ~-Hydroxyalkyl-Radikale verlAuft nicht nach 
Reaktion (28) durch tJbertragung des Hydroxylwasserstoffs, sondern 

CHs CH8 CHs 

i I I 
2 "C--OH , C ~ O  + H - - C - - O H  

] I I 
CH~ CH~ CHa 

(2s) 

haupts~ichlich dutch ~3bertragung des Wasserstoffs der benachbarten 
Alkylgruppe und unter Ausbildung der Enolform der entsprechenden 
Carbonylverbindung (Reaktion (29)). Der Mechanismus wurde am Iso- 
propanol untersucht 84). 

CH 8 CH 2 CH3 

I II I 
2 "C--OH ) C--OH + H- -C- -OH 

i I I 
CHa CHa CHa 

(29) 

7. LET-Effekte 

Unter LET (Linearer Energie Transfer) wird die von dem ionisierenden 
Teflchen pro durchlaufener Wegstrecke abgegebene Energie verstanden. 
Er wird in eV/A angegeben. Co-60-7-Strahlen und hochenergetische 
Elektronen haben einen LET von ca. 0,03 eV/A. Der Abstand der ein- 
zelnen Spuren, in denen ein Energiebetrag von durchschnittlich 60 eV 
abgegeben wird, ist so groB, daJ3 sie bei geniigend niedriger Dosisleistung 
der Quelle nicht iiberlappen. Bei Teilchen mit hohem LET, z.B. B-10(n, 
,0Li-7-RtickstoBstrahlung (LET = 30 eV/A), bildet sich ein zusammen- 
h~ingender Ionisationszylinder. Die Radikalkonzentrafion innerhalb dieses 
Ionisationszylinders ist gr613er als in den bei niedrigem LET gebildeten 
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kleinen Spuren. Nach dem Durchgang des Teilchens beginnen die gebil- 
deten Radikale zu diffundieren. Auch w~ihrend der Diffusion bleibt wegen 
der zylindrischen Anordnung der Spur bei hohem LET eine hohe Radi- 
kalkonzentration l~inger erhalten als bei der Diffusion aus den kieinen 
voneinander getrennten Einheiten, die bei der Bestrahlung mit niedrigem 
LET entstehen. 

Daraus folgt, dab bei hohem LET Radikal-Radikal-Reaktionen den 
bei niedrigem LET ablaufenden Radikal-L6sungsmittel-Reaktionen den 
Rang ablaufen k6nnen. 

Bei niedfigem LET k6nnen die Alkoxy-Radikale mit dem L6sungs- 
mittel unter Bildung yon ~-Hydroxyalkyl-Radikalen reagieren (Reak- 
tion (30)). 

R1R2CHO" + R1R2CHOH --~ R1R2CHOH + R1R~COH (30) 

Die groBe Reaktionsfreudigkeit der Alkoxy-Radikale hat Wijnen 155,15s) 
am Methoxy-Radikal gezeigt. 

Bei hohem LET, d.h. hoher Radikalkonzentration, reagieren die 
Alkoxy-Radikale miteinander oder mit x-Hydroxyalkyl-Radikalen unter 
Disproportionierung zu Carbonylverbindungen (s. o.). Bei niedrigem LET 
entstehen aus der Dimerisiemng der ~-Hydroxyalkyl-Radikale Glykole. 
Dies erklArt, warum bei hohem LET das Verhiiltnis G(Carbonylverbin- 
dungen) zu G(Glykol) zugunsten der Carbonylverbindungen verschoben 
ist. 

Das Auftreten sehr viel gr613erer Mengen CO bei der Radiolyse yon 
Methanol mit hohem LET wird durch Radikal-Radikal-Reaktionen h6- 
herer Ordnung erklArt s6). 

8. C--C-Brtiche und ihre AbhAngigkeit yon der Struktur des Alkohols 

Der Einflu0 der Struktur auf die Zersetzung organischer Substanzen ist 
am besten bei den Aliphaten untersucht s0,115). Schuler und Kuntz 115) 
stellten eine empirische Formel auf (Inkrementenmethode), dutch die 
Methylradikalbildung und Strukturelemente korreliert werden kSnnen. 
Eine quantenmechanisch begrtindete Arbeit liegt noch nicht vor. Bei 
den Aliphaten ist eine Korrelation der Struktur und der C-C-Brtiche 
einfacher als bei den Alkoholen, und zwar deswegen, well die Elektronen 
(nach den bisherigen Kenntnissen) in den Aliphaten nicht solvatisiert 
werden und zu dem Mutterion zurfickkehren. Dabei bildet sich ein hoch- 
angeregter Zustand, welcher unter Produktbildung zerfAllt 44). Jedoch 
wird nicht in allen F~illen der Mechanismus so einfach sein, insbesondere 
dann nicht, wenn vor der Rfickkehr des Elektrons Ionen-Molekiilreak- 
tionen eingeschoben sind. 
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Bei den Alkoholen ist wegen der Solvatisierung des Elektrons und 
der raschen Protonenfibertragungsreaktion des Mutterions eine Frag- 
mentierung aus angeregten Zust/inden, die durch die Rfickkehr des Elek- 
trons zu seinem Mutterion entstehen k6nnten, nicht wahrscheinlich. 
Andererseits zeigt sich, dab auch bei den Alkoholen wie bei den Aliphaten 
mit zunehmendem Verzweigungsgrad die C--C-Brfiche zunehmen und die 
Wasserstoffbildung abnimmt. Die stark erniedrigte Wasserstoffausbeute 
bei der y-Radiolyse des tert.-Butanols (G(H2) = 1,1) ~0,134) kann nur 
schwer mit dem yon Freeman a05,104,sT) vorgeschlagenen Mechanismus 
der Alkoholradiolyse in Einklang gebracht werden. Jedoch ist zu pfiifen, 
ob dieser niedrige G(H2)-Wert ein initialer G-Wert ist. 

Die hohe Fragmentierung verzweigter Alkohole (tert.-Butanol: 
G(Methan) + 2 G()kthan) -b G(Neopentan) q- G(tert.-Amylalkohol) -~ 
3,35) 134) spricht daftir, dab evtl. auch das im Prim~rakt gebildete (ange- 
regte?) Mutterion fragmentiert, a-Hydroxyalkyl-Radikale sind durch 
den EinfluB der Hydroxylgruppe stabilisiert. Es ist daher verst~udlich, 
dab besonders leicht Methylgruppen in a-Stellung zur Hydroxylgruppe 
eliminiert werden. Ein zus/itzlicher Faktor kazan die bevorzugte Ionisa- 
tion der nicht bindenden Elektronenpaare am Sauerstoff sein ls7). Oxy- 
Radikale zeigen eine hohe Fragmentierungsbereitschaft 15o). 

In Tabelle 3 ist die Methanbildung, die in erster N/iherung ein MaB 
flit die Spaltung der C-CH3-Bindung ist, fiir mehrere Alkohole zusam- 
mengestellt. Die Methanausbeuten zeigen, dab die zur Hydroxylgruppe 

Tabelle 3. G-Werte tier Methanbildung ver- 
schiedener Alhohole bei der 7-Radiolyse in 
fl~ssiger Phase. 27 ~ C. Sauerstoff-frei (hack 
v. Sonntag 181)). (Nicht sgimtliche Alkohole 
konnten gaschromatographisch rein erhalten 
werden) 

Alkohol G (CH4) 

Methanol 0,36 
~_thanol 0,61 
n-Propanol 0,052 
Isopropanol 1,55 
n-Butanol 0,03 
Isobutanol O, 13 
sek.-Butanol 0,69 
tert.-Butanol 2,75 
2-Methyl-butanol 0,052 
2,2-Dimethyl-propanol 0,61 
tert.-Amylalkohol 1,29 
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a-st~indigen Methylgmppen tats~ichlich bevorzugt abgespalten werden. 
Sek,-Butanol (2-Methylgruppen, eine davon a-st~ndig) hat eine h6here 
Methanausbeute als Isobutanol (ebenfalls 2-Methylgruppen), tert.-Buta- 
nol eine h6here als tert.-Amylalkohol. 

9. Radiolyse in der Gasphase 

Die G-Werte der Produkte sind in der Gasphase fast doppelt so hoch wie 
in der fltissigen Phase. Da angeregte Molekiile nicht so rasch wie in der 
fliissigen Phase desaktiviert werden k6nnen, ist die Fragmentierung 
gr6Ber. Dartiberhinaus sind Fragmente, die dutch den Bruch yon mehr 
als einer Bindung entstehen, z.B. Kohlenmonoxyd, in der Gasphase 
stark erhSht. In der Gasphase wurde der G-Wert der Ionisation zu 4 
bestimmt s}. Ein entsprechender G(H2)-Wert kann im Methanol durch 
die Elektronenfitnger CH3Br und CCI4 abgefangen werden 91}, wenn man 
annimmt, dab die einzige Neutralisierungsreaktion die Reaktion (5) ist. 

R 0 H  + + e -  --~ R 0 H  + H (5) 

Massenspektrometrische Untersuchungen haben gezeigt, dab diese 
Annahme gerechtfertigt ist. 

Es wurde versucht, massenspektrometrische Daten mit den Ergeb- 
nissen der Gasphasenradiolyse zu korrelieren ~2,ss,15S,lOl}. Theoretisch 
am besten begriindet ist die Arbeit von Prdw lo11. 

Die noch nicht ausreichende Kenntnis der Verteilungsfunktion ange- 
regter Zust/inde und die Unsicherheit in der Obertragung der bei den 
niedrigen Drueken des Massenspektrometers beobachteten Reaktionen 
auf die vergleichsweise hohen Drucke der Gasphasen-Radiolyse behaften 
die Berechnungen mit groBen Unsicherheiten und die erzielten guten 
Ubereinstimmungen mit dem Experiment k6nnen nicht als Beweise fiir 
die vorgeschlagenen Mechanismen angesehen werden 101}. 

10. Radiolyse im kristallinen und glasigen Zustand bei 77 ~ K 

Die Ausbeute an Produkten und die Fiihigkeit, Vorl~ufer dieser Produkte, 
z.B. Elektronen zu stabilisieren, h~ingt stark von dem Aggregatzustand 
at). So kann das Elektron in Alkohol-Gl~isern bei der Temperatur des 
fltissigen Stickstoffs in der Matrix stabilisiert werden, nicht jedoch in der 
kristallinen Phase 16}. Wegen der Schwierigkeit, Alkoholkristalle zu 
ziehen, und den groBen Vorteilen, die die Gliiser aufgrund ihrer Trans- 
parenz ftir die Spektroskopie bieten, sind bisher fast ausschlieBlich Alko- 
hol-Gl~iser untersucht worden. Die niedrigen Alkohole lassen sich meist 
leicht dutch rasches Abktihlen in die glasige Form bringen. Beim Metha- 
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nol bedarf es allerdings eines geringen Zusatzes an Wasser 3~) oder an 
n-Propanol 1~1}. Auf diese Weise konnten die Reaktionen der Elektronen, 
die mit hohen Ausbeuten (G(e~) ~ 3) in den Alkohol-Gl~isern stabilisiert 
werden, mit den Methoden der Absorptions- und ESR-Spektroskopie 
verfolgt werden. Die Elektronen haben in den Alkohol-Gl~isern Absorp- 
tionsmaxima im sichtbaren Bereich (s. Kap. 2), w~ihrend die in der 
Matrix ebenfalls stabilisierten Alkoholradikale im ultravioletten Tell des 
Spektrums absorbieren aT). Bestralfite Alkohol-G1/iser zeigen im ESR- 
Spektrum neben der Bande des Elektrons Signale, die den e-Hydroxy- 
alkyl-Radikalen oder deren Ionen zuzuordnen sind 90,124,1s0,6,7,33}. 
Durch Ausbleichen der Elektronenbande mit sichtbarem Licht verschwin- 
det das ESR-Signal des Elektrons, die Signale der ~r 
Radikale werden erhalten. In manchen F~illen sind diese Signale aller- 
dings noch yon einem Singlett tiberlagert, das einem Alkoxy-Radikal 
zugeordnet wurde 88). Die r162 wurden auch fiber 
andere Wege dargestellt sg}, und ihre ESR-Spektren lassen sich mit den 
durch die 7-Radiolyse erhaltenen vergleichen. Die ,r 
Radikale werden durch UV-Licht zersetzt ~.9,137,70,69,92). Der Mechanis- 
mus der Zersetzung ist noch nicht v611ig gekl~irt. Aus dem Hydroxyme- 
thyl-Radikal entsteht ein Formyl-Radikal (Reaktion (31)). 

119 
�9 CH~OH > "CHO + H2 (31) 

Indessen treten bei der Photolyse auch intermedi~ir Methylradikale 
und beim J~thanol J~thylradikale auf. Eine durch das e-Hydroxyalkyl- 
oder Forrnyl-Radikal sensibilisierte Zersetzung des Alkohols wird disku- 
tiert (Reaktion (32) und (33)). 

hT 
"CH2OH + CH3OH ~ "CHs + H20 -[- CH20 (32) 

h~ 
"CHO + CH3OH * "CH3 + H20 + CO (33) 

Geringe Verunreinigungen im Alkohol k6nnen bei der UV-Bestrah- 
lung mit dem Alkohol zu a-Hydroxyalkyl-Radikalen reagieren, welche 
dann die soeben besprochenen Reaktionen zeigen. Das erkl~irt nach 
Kevan 74) die Bildung yon Methyl- und ,~thylradikalen, die yon Sullivan 
und Koski 138,139) bei der UV-Photolyse (2 =- 254 nm) yon Methanol 
und Athanol bei 77 ~ K erhalten wurden. 

Beim Erw~irmen der bei 77 ~ K bestrahlten Alkoholgl/~ser verschwin- 
den zuerst die Elektronen. Erst bei h6heren Temperaturen diffundieren 
dann auch die ~-Hydroxyalkyl-Radikale. Beim thermischen Ausblei- 
chen scheinen die Elektronen nicht nur mit den durch ]3estrahlung er- 
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zeugten Protonen, sondern auch mit  Radikalen und Carbonylverbin- 
dungen eine Reaktion einzugehen. Bei - -196  ~ C reagieren die Elektronen 
im )i, thanol-Glas langsam (3/2 ca. 7 Tage) mit  dem Alkohol zu einem 
H-Radikal  4s), das unter  diesen Bedingungen nicht in der Matrix stabili- 
siert wird. Selbst bei 4 , 2 ~  sind in Alkohol-Gl~sern H-Atome nicht 
stabilisierbar 125). Beim Ausbleichen mit  sichtbarem Licht reagiert das 
Elektron mit  seiner Umgebung unter Bildung eines Wasserstoff-Radikals. 
Die Quantenausbeute fiir diese Reaktion betr~.gt in Methanol 0,07 87). 
Die Reaktionen der H-Radikale  in den verschiedenen Alkoholglttsem 
scheint unterschiedlich zu sein. J o h n s o n ,  H a g o p i a n  und Y u n  71) zeigten, 
dab thermische H-Atome bei 77 ~ K nicht mit  Athanol, wohl abet  mit  den 
1-Hydroxyttthyl-Radikalen zu Acetaldehyd und Wasserstoff reagieren. 
Im bestrahlten Athanol-Glas (vgl. Tabelle 4) wird demgem~il] auch eine 
hohe Ausbeute an Acetaldehyd gefunden. Da im Methanol-Glas kein 
Formaldehyd entsteht (vgl. Tabelle 4) mfissen die H-Atome in diesem 
Glas entweder dimerisieren, mit  dem Alkohol zu H2 und Hydroxymethyl -  
Radikalen reagieren oder an andere Radikale (z.B. Hydroxymethyl -  
Radikale) addieren. 

Tabelle 4. G-Werte der wichtigsten Radiolyseprodukte yon Methanol  Athanol und 
Isopropanol bei Zimmertemperatur und 77 ~ K.  Es wurden diejenigen Arbeiten zu- 
grunde gelegt, die aufgrund ihrer guten Materialbilanz und niedrigen Dosis initiale G- 
Werte erwarten lassen 

Methanol ~_thanol Isopropanol 

25 ~ C 77 ~ K 25 ~ C 77 ~ K 25 ~ C 77 ~ K 

Wasserstoff 5,4 3,2 5,0 4,4 4,5 3,5 
Methan 0,4 0,35 0,6 0,3 1,55 0,8 
Formaldehyd 1,95 0,1 
Acetaldehyd 3,2 3,0 0,9 
Aceton 4,0 3,1 
Glykole 3,5 2,9 1,7 0,85 0,6 

An einem heiBen Wolframdraht  erzeugte und durch Stol] therma-  
lisierte H-Atome reagieren selbst bei 87 ~ K nur ~uBerst selten mit  Iso- 
propanol und ~_thanol. Eine Reaktion mit  Methanol war nicht nach- 
zuweisen 57). In Schwefelstture-Gl~sern hingegen reagieren H-Atome bei 
dieser Tempera tur  quant i ta t iv  mit  Alkoholen unter  Bildung der ~- 
Hydroxyalkyl-Radikale  83,14~,14s). 
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U V - P h o t o l y s e  von  A l k o h o l e n  

1. Absorptionsspektren und Lichtquellen 

Die Alkohole beginnen bei ~ ~ 250 nm zu absorbieren; das erste Ab- 
sorptionsmaximum liegt bei 2 ~ 182 nm 61,s3,56~. Die niedrigste Ab- 
sorptionsbande wird einem n-a*-I~bergang zugesehrieben 27}. Seine Os- 
zillatorstiirke (gemessen in der Gasphase) nimmt in der Reihenfolge 
Methanol, n-Propanol, Athanol, Isopropanol yon 0,005 auf 0,015 zu 61}. 
Die erste Absorptionsbande ist strukturlos 5G,61~ die n~ichst h6heren zei- 
gen Feinstruktur 56~. Das Fehlen einer Feinstruktur bei dem niedrigsten 
lJbergang kann evtl. auf die ungeniigende Aufl6sung des Spektrometers 
zurtickgeftihrt werden 5s}. 

DaB die direkte UV-Photolyse der Alkohole nur wenig untersucht 
ist, mag damit zusammenh~ngen, dab die Zersetzung bei der bequem 
zugiinglichen Hg-Linie der Wellenl~inge 2 = 254 nm noch nicht sehr 
groB ist (r < 10 -8 mol/einstein) und fiir die ebenfalls von dem Hg-Nie- 
derdruckbrenner emittierte Linie bei ~ = 18S nm bis vor einigen Jahren 
nicht geniigend reines Quarz fiir das Kiivettenmaterial zur Verfiigung 
stand. Bei der Verwendung der Mischstrahlung ~L = 254/185 nm muB 
der Umsatz ~iuBerst gering gehalten werden, da die Hg-Linie 2~ -= 254 nm 
etwa 8 real intensiver ist als die Linie 2 = 185 nm und die Produkte 
der UV-Photolyse der Alkohole, insbesonders die iiul3erst photoreaktiven 
Carbonylverbindungen, dieses Licht mit vergleichsweise hohen molaren 
Extinktionskoeffizienten absorbieren. Bei den Arbeiten in fltissiger Phase 
mul3 darauf geachtet werden, dab die L6sung ausreichend gut geriihrt 
wird, da die Eindringtiefe des Lichtes der Wellenl~inge 2 = 185 nm nut  
einige Hundertstel  mm betriigt. Aus den erw~ihnten Griinden sind hffufig 
nicht die Primiirprodukte, sondern ihre Photolyseprodukte isoliert wor- 
den. Auf der anderen Seite konnten leicht photolysierbare Prim~r- 
produkte nicht mehr nachgewiesen werden (s. Tabelle 5). Durch ein 
Filter aus T-bestrahltem LiF kann die Linie ~ = 254 nm weitgehend 
eliminiert werden 153). Allerdings wird auch die Ausbeute an ~ = 185 nm 
auf etwa die H~ilfte herabgesetzt. 

Die Photolyse mit energiereieherem Licht als ~ ---- 185 nm wurde bis- 
her nur in der Gasphase untersucht 56). Den Bau der Lampen flit diesen 
Bereich haben Ausloos und Lias 13) beschrieben. 

2. UV-Photolyse in flfissiger Phase 

~3ber die UV-Photolyse in fliissiger Phase kSnnen wegen der geringen 
Zahl vorhandener Arbeiten s7,108-112,128-130,133,135,159) bisher erst 
wenige genereUe Aussagen gemacht werden. 
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Das Hauptprodukt  der Photolyse von Alkoholen ist Wasserstoff H2. 
Bei stark verzweigten Alkoholen wie z. B. tert .-Butanol kann die Methan- 
bildung an die erste Stelle treten (s. Tabelle 5). 

Der Wasserstoff kann fiber eine intramolekulare Abspaltung von 
molekularem Wasserstoff und/oder tiber H-Radikale als Vofl/~ufer ent- 
stehen. Auch scheint noch ein dritter Weg, eine intermolekulare Ab- 

Tabelle 5. U V-Photolyse ( ~ 2541185 nm) yon Alhoholen ; Sauerstoff-frei ; flt~ssige Phase 

Literatur Methanol ~thanol Isopropanol tert.-Butanol 

159)*) 131)**) 159)*)131)**) 159)*) 130)**) 159)*) 108-9)**) 

Wasserstoff 2,97 0.83 2,54 0,845 
Kohlenmonoxid 0,098 kein 0,75 kein 
Methan 0,012 0,05 0,81 0,01 
/X_than 0,011 
Propan 
Propen 
iso-Butan 
iso-Buten 
Neopentan 
Formaldehyd 0,32 0,058 
Aeetaldehyd 0,10 0,54 
Propenoxid 
Aceton 
Isopropanol 
tert.-Amylalkohol 
2,2,3-Trimethyl- 
butanol- (3) 
2,2,4-Trimethyl- 
pentanol-(4) 
3-Hydroxy-3- 
methyl-2-butanon 
1-Butoxi-2-methyl- 
propanol- (2) 
Isobutenoxid 
~thylenglykol 1,92 0,78 
Butandiol-(2,3) 1,63 0,305 
Pinakon 
2,4-Dimethyl- 
pentamdiol-(2,4) 
2,5-Dimethyl- 
hexan-diol-(2,5) 
Glycerin 0,26 

1,72 0,75 kein 0,11 
1,27 <0,0015 0,42 kein 
0,68 0,046 5,10 0,265 
0,05 0,0023 0,013 

0,026 
0,003 

kein 0,04 
0,016 

0,23 0,72 0,35 

0,015 
0,013 
0,005 

0,205 
0,057 
0,050 
0,003 

0,012 

0,33 kcin 

0,03 

0,08 

1,52 0,036 1,25 0,015 
0,032 

1,74 0,044 

*) Ausbeute in mmol/h, :Bestrahlung bei 1RiickfluBtemperatur, 2--3~/o Umsatz. 
**) Initiale Quantenausbeutcn bezogen auf die Quantenausbeute des &thanol- 

aktinometers ~ (H2) = 0,4. Bestrahlung bei 26 ~ C. Umsatz < 0,01~/o. 
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spaltung von molekularem Wasserstoff, beschritten zu werden 108,111). 
Diese intermolekulare H2-Abspaltung ftihrt beim tert.-Butanol zu dem 
J%ther 1-Butoxy-2-methyl-propanol-(2) (I) (Reaktion (34)) 108,x11). Bei 
den prim/iren und sekund~iren Alkoholen wfirde eine vergleichbare Reak- 
tion zu den entsprechenden Halbacetalen der Carbonylverbindungen (II) 
ftihren (Reaktion (35)), die rasch hydrolytisch in Carbonylverbindung 
und Alkohol spalten. 

CH3 CH3 CH3 CH3 
I I ~,  I I 

CH3--C--O-- i ' i~  ........ i ~ i - - C H 2 - - C - - O - - H  :, H 2 + C H 3 - - C - - O - - C H ~ - - C - - O - - H  (I) 
I I t I 
CH3 CH3 CHs CH3 (34) 

R1 
l 

H--C--O- 
f 
R2 

Rz RI RI 

. . . . . . . . . . . . . . . .  I h, I I 
H Hi --C--0--H ~ Hs + H--C--O--C--O--H 

................ I I I 
R2 R2 R2 

(H) (3s) 

Diese intermolekulare Wasserstoffabspaltung ist daher in diesen 
F~llen yon einer intramolekularen Abspaltung nicht zu trennen. 

Am Sauerstoff deuterierte n-Alkohole liefern in flfissiger Phase fiber 
80% HD unabhiingig v o n d e r  Kettenllinge 135). Dieses deutet darauf 
hin, dab entweder eine molekulare Abspaltung unter der Beteiligung der 
OD-Gruppe (der rein radikalische Mechanismus nach Yang et al. 159) ist 
in Frage zu stellen 130)) und/oder eine primRre radikalische Spaltung der 
O--D-Bindung der Grund ftir den hohen HD-Anteil des Wasserstoffs ist. 
Ahnliche Verhitltnisse wurden bei deuterierten Isopropanolen gefunden 
12s). Beim tert.-Butanol, bei dem der Wasserstoff einer am Sauerstoff 
deutefierten Probe zu 95% aus HD besteht, wird der Wasserstoff nicht 
fiber Radikale, sondern in molekularen Eliminierungsprozessen gebildet, 
die sowohl intramolekular unter Epoxydbildung als auch intermolekular 
unter Bildung des Athers 1-Butoxy-2-methyl-propanol-(2) (I) (s. o.) ver- 
1/iuft 10s,109,1zl). 

Bei sekund~iren und tertiiiren Alkoholen treten bei der Photolyse 
Epoxyde auf, nicht jedoch bei den prim/iren Alkoholen 133). Die bevor- 
zugte Konformation der prim~iren Alkohole zeigt keine ffir die Epoxyd- 
bildung gfinstige Stellung der OH-Gruppe zu einem ~-Wasscrstoffatom. 
Stattdessen ist eine molekulare Aldehydbildung zu erwarten. 

Ein deutlicher Unterschied zwischen 7-Radiolyse und UV-Photolyse 
(4 = 185 nm) wird beim Isopropanol 132,19~9) sichtbar. Bcider y-Radio- 
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lyse wird Methan mit einem hohen G-Wert (G (CH4) = 1.6, vgl. G (H~) ---- 
4.5) gebildet, w~hrend bei der UV-Photolyse Methan nur ein Neben- 
produkt ist (r ~-0,046, vgl. r = 0,75). Auch die Bildungs- 
mechanismen sind verschieden. Bei der 7-Radiolyse entsteht das Methan 
zu etwa 95% fiber Methylradikale als Vorl~ufer, deren Anteil bei der 
UV-Photolyse nut  etwa 8% ausmacht. 

Die Zersetzung der Alkohole ist stark von dem umgebenden Medium 
abhtingig. Bei der Photolyse von tert.-Butanol z.B. wird Methan in 
reiner Phase zu etwa 35% fiber Methylradikale als Voflttufer gebildet, 
wt~hrend in wttBrigem Medium Methan fast ausschlieBlich molekular 
abgespalten wird 108,11~. 

In tert.-Butanol-Isopropanol-Mischungen wird das tert.-Butanol in 
weft geringerem MaBe zersetzt als seinen in reiner Phase gemessenen 
Quantenausbeuten und dem von ihm absorbierten Lichtanteil ent- 
sprechen wfirde. Die Zersetzung des Isopropanols ist dagegen um den 
gleichen Betrag (etwa 40%) erh6ht los,110~. Dies kann deutlich an den 
Photolyseprodukten des tert.-Butanols, Methan (r = 0,265) und Iso- 
butenoxyd (4 ~- 0,08) und dem Hauptprodukt der Isopropanol-Photo- 
lyse, dem Wasserstoff (4 ---- 0,75) gezeigt werden. Die geringe Methan- 
bildung bei der UV-Photolyse des Isopropanols (4 = 0,046) und die ver- 
gleichsweise geringe Wasserstoffbildung bei der UV-Photolyse des tert.- 
Butanols (4 ----0,11) ermSglichen die Messung des wohl mit einer Art 
Energiefibertragung zu deutenden Effektes. 

Bei der UV-Photolyse des tert.-Butanols wurde eine weitere vonder  
Umgebung des tert.-Butanols abh~ngige Reaktion gefunden. Reines 
tert.-Butanol bildet beim Bestrahlen mit Licht der Wellenl~inge ~t = 
185 nm 1-Butoxy-2-methyl-propanol-(2) (I) und Wasserstoff (s. Reak- 
tion (34)) in einer Reaktion, die nicht fiber freie Radikale vefl~iuft 10s, 
111). Fiir die Entstehung des Produktes sind zwei direkt benachbarte 
tert.-Butanol-Molektile n6tig. Mit zunehmender Verdtinnung durch 
Wasser, Isopropanol oder n-Hexan nimmt die Ausbeute an (I) nach 
einer Funktion ab, die dieser Ntichsten-Nachbar-Bedingung Rechnung 
tr~igt 108,111). 

In reinem Isopropanol wird eine Wasserstoff-Quantenausbeute yon 
0,75 130) bzw. 0,63d) 127~ gefunden; in w~iBriger Umgebung betr~igt sie 
nur 0,29 is} bzw. 0,25d} 1~7~. 

Diese Beispiele m6gen zeigen, dal] bei der UV-Photolyse yon Alko- 
holen die Umgebung eine auBerordentliche Rolle spielt und z.B. im 
w~iBrigen Medium beobachtete Verh~iltnisse nicht auf die reine Phase 
fibertragen werden dfirfen. 

d) Um die Messungen vergleichbar zu machen, wurden die Werte auf eine Wasser- 
stoff-Quantenausbeute des )~thanol-Aktinometers yon r (H2) ~ 0,4 umgerechnet. 

23 Foztschr. chem. Forsch., Bd. 13/2 3 5 5  
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3. UV-Photolyse in der Gasphase 

In der Gasphase wurde bisher eingehender nur die UV-Photolyse yon 
Methanol, diese abet sehr grfindlich untersucht 55,5~,94,9~). Insbesondere 
die neueren Arbeiten yon Porter und Noyes 99) sowie Hag~ge et al. 55,56) 
haben den Photolysemechanismus zu gro~3en Teilen aufkl~iren k6nnen. 
Danach ist das Hauptprodukt der Photolyse Wasserstoff. 

Die Spaltung in "CH3+ "OH (Reaktion (39)) hat nut einen Anteil 
yon ca. 1%. Der Wasserstoff wird nach diesen Autoren zu etwa 20% 
molekular (Reaktion (36)) und zu etwa 80% fiber H-Radikale als Vor- 
l~tufer (Reaktionen (37) und (38)) gebildet, wobei die Reaktion (38) kaum 
eine Rolle spielt 99). 

CHaOH + h~ > CH20 + H 2  20% (36) 

�9 CH30" + H "  / (37) 
) 79% 

> "CH2OH+ H" (38) 

�9 "CH3 + "OH 1% (39) 

Die Bestrahlungsprodukte, Glykol, Methan und Wasser, laufen linear 
mit der Dosis. Formaldehyd wird schon nach kurzer Bestrahlungsdauer 
wegen seines hohen Absorptionskoeffizienten seinerseits photolysiert und 
es entsteht in dieser Sekund/~rreaktion neben weiterem Wasserstoff 
Kohlenmonoxyd. Glykol ist nach Wasserstoff das wichtigste Produkt. Es 
wird mit 70% der Ausbeute des Wasserstoffs gebildet 55). Die Ausbeuten 
selbst sind stark druckabhitngig und zwar ergibt sich eine lineare Be- 
ziehung zwischen der reziproken Quantenausbeute und dem reziproken 
Druck 56) Sie kann (lurch die G1. (40) dargestellt werden: 

(40) 

Bei den drei untersuchten Wellenl~ngen (g = 124, 147 und 185 nm) 
wird die Beziehung (40) eingehalten, wobei r und k flit jede Wellenl~nge 
eigene Werte haben. 

Die Steigerung der Quantenausbeuten kann auch dutch zugesetzte 
Fremdgase erreicht werden, deren Wirksamkeit von ihrer Polarisierbar- 
keit abh~tngt 56). Die Autoren folgern, dab die Zersetzung fiber eine stol3- 
induzierte Pr~dissoziation erfolgt. 

4. Quecksilber-sensibilisierte Photolyse (2 = 254 nm) in der Gasphase 

Die Hg-sensibilisierte Photolyse yon Alkoholen in der Gasphase ftihrt in 
den Alkoholen zur Wasserstoffbildung 77-82,95,100). 
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Die Quantenausbeute der Wasserstoffbildung steigt von Methanol 
fiber J~thanol zum Isopropanol hin an, wird jedoch bei intermittierender 
Bestrahlung fiir diese Alkohole nahezu 1 7s-80) (s. Tabelle 6). 

Tabelle 6. Quantenausbeute der Wasserstoffbildung bei der Hg- 
sensibilisierten Photolyse yon Alkoholen in der Gasphase bei 
Dauerbestrahlung und intermlttierender Bestrahlung; 25~ 
(nach Knight und Gunning 7s-so,s2)) 

Alkohol H 2-Quantenausbeute 

Dauerbestrahlung Intermittierende 
Bestrahlung *) 

Methanol 0,46 0,89 
/X_thanol 0,53 0,96 
Isopropanol 0,72 1,0 
tert.-Butanol 0,045 0,1 

*) ]3estrahlungsperiode 0,2 ms, Dunkelperiode 160 ms. 

Eine Ausnahme macht jedoch das tert.-Butanol, bei dem die H2- 
Quantenausbeute zwar bei intermittierender Bestrahlung ebenfalls an- 
steigt, den Weft 1 aber bei weitem nicht erreicht s2). 

Als PrimRrprozeB wird von Knight und Gunning 77-s2) die Spaltung 
der O--H-Bindung angenommen. Das Auftreten yon Nitriten bei An- 
wesenheit von NO als F~nger sttitzt diese Annahme. Nach Bhibbs und 
Darwent 95) entstehen jedoch bei der Hg-sensibilisierten Photolyse yon 
O-deuteriertem Methanol (Deuterierungsgracl 81%) nur 6,6% HD. Dieser 
Befund stellt die Deutung von Knight und Gunning (Prim/irprozeB : Aus- 
schlieBlich Bruch tier O-H-Bindung) in Frage. 

Zur Deutung ihrer Ergebnisse nehmen Knight und Gunning sl,B2) 
die Bildung energiereicher Isopropoxy- und tert.-Butoxy-Radikale an. 
Bei der Bildung energiereicher Isopropoxy- und tert.-Butoxy-Radikale 
ist jedoch zu erwarten, dab auch das H-Radikal bei dem Bruch der O-H-  
Bindung einen (wahrscheinlich sogar h6heren) Energieanteil iibernimmt. 
Diese ,,heiBen" H-Radikale sollten bevorzugt unter H2-Bildung mit dem 
Alkohol reagieren und nicht, wie von Knight und Gunning angenommen 
wird, zu hohen Anteilen an andere Radikale addieren. Noch nicht 
diskutiert wird eine durch Komplexbildung (z. B. durch die intermedi~tre 
Bildung von HgH) ver~nderte Reaktivitii.t der H-Radikale, wie sie von 
Kuntz und Mains ss) bei der Hg-sensibilisierten Photolyse yon fltissigen 
Alkanen erwogen wird. 
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Introduction 

Nowadays the borderlines between inorganic chemistry, organic chem- 
istry and physical chemistry are vanishing, due to the enormous mutual 
interaction of these fields. Organometallic and coordination chemistry, 
as well as photochemistry, have been strong contributory factors in this 
"overlap process". Therefore, the photochemistry of organometailic and 
coordination compounds provides very specific examples of this general 
phenomenon. 

While scattered reports on the photosensitivity of transition metal 
compounds are found in the early photochemical literature 375}, more 
systematic investigations since 1950 coincide with the almost explosive 
development of organometallic chemistry 106,107,141,36s,3s4), with the 
rapid progress of organic photochemistry sg,257,34a,aol,~12~ and with 
the impressive renaissance of inorganic chemistry 5,118). This is mainly 
due to the development of molecular orbital theory 37) and ligand-fieId 
theory 363,308), as well as to the impact the discovery of ferrocene 259,32s} 
had on the general understanding of chemical bonding. 
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There are several recent reviews of the photochemistry of transition 
metal complexes 3,4,5,29,30,45,466,514,518,580), the most comprehensive 
being 4~. However, these papers deal mainly with ionic coordination 
compounds containing inorganic ligands; only one 4~) is devoted to 
photochemical substitution reactions of metal carbonyls and their deriv- 
atives, while in another 4~ this subject is discussed in a short paragraph. 

We have at tempted to review the photochemistry of metal carbonyls, 
metaUocenes, and olefin complexes under two aspects: 

to inform organometallic chemists about the preparative possibili- 
ties and mechanistic features of this field, 

and, hopefully, to increase the interest of organic photochemists in 
organometallic chemistry. 

In addition some work on the radiation chemistry of these compounds 
has been compiled. 

As far as the coverage of the literature is concerned, we have searched 
Chemical Abstracts from 1960--1968 and a number of leading journals 
page by  page for the year 1968. Much of the information about prepara- 
tive work is hidden and often hard to find. Therefore, we did not a t tempt  
a complete coverage of all work done in the field. Work prior to 1960 
has been cited only sporadically. 

We have anticipated that  the reader is familiar with the basic prin- 
ciples of photochemistry and with the photochemical "vocabulary" 874). 
A short summary of some experimental photochemical procedures is 
intended to be helpful to the organometallic chemist who plans to initi- 
ate work in the field a). 

A. Experimental Procedure8 

Most transition metal complexes are sensitive towards oxygen and/or 
water, especially under irradiation. This fact sometimes impedes photo- 
chemical work in this field. Detailed information about the properties 
and " thermal"  chemistry of transition metal carbonyl compounds is 
found in 519,2), and there are excellent reviews on arene complexes 177, 
zsT,s2s,sz2) and olefm complexes 178,221). 

The handling of organometallics (including measuring of absorption 
spectra) with exclusion of air and moisture, as well as standard proce- 

a) Note added in proof: The first volume of the "Annual  Survey of Photochemistry" 
covering the 1967 literature just  appeared; it  contains a comprehensive chapter 
by D. Valentine on progress in the study of inorganic and organomctallie spec- 
troscopy and photochemistry 581). The reader's at tention should be drawn to 
the forthcoming volumes of this very informative series. 
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dures of preparation are described in 272,561) b). Methods for the char- 
acterization of organometallic compounds have been recently compiled 
563). 

There are several important steps in the conduction of a photo- 
chemical experiment : 

a) Measurement of the electronic spectrum of the starting material 
and assignment of the observed electronic transitions 249,254,499) For 
the proper assignment of absorption bands it is often necessary to meas- 
ure the spectra in solvents of different polarity and differing hydrogen 
bonding ability. 

b) After it has been decided which transition is to be excited, an 
important point is the choice of a proper light source with strong emission 
in the region of interest. Sometimes filters or a monochromator have to 
be applied to select a certain emission band of a lamp for monochromatic 
irradiation. Extensive information on this matter  is given in sg, so3,320, 
897,401). The Srinivasan-Griffin Rayonet photochemical reactors 500~ 
which are equipped with exchangable lamps for the 254, 300, and 350 nm 
region have been found extremely useful especially for preparative work 
in the authors' laboratory. 

c) The type of light source and the amount of material used will 
determine the choice of the reaction vessel s9,39~). Apparatus for the 
photolysis of metal carbonyls have been described by Strohmeier a66,490~. 
In preparative photochemical work with organometallic compounds, 
precipitates are often formed which can cover the walls of the reaction 
vessels, thus inhibiting transmission of light into the system. To avoid 
this problem, a simple apparatus (Fig. 1) has been constructed in the 
authors' laboratory 202,~85), which can easily be fitted into a Rayonet 
photochemical reactor. 

Apparatus which allows the carrying out and working up of photo- 
chemical reactions below --100 ~ has been developed by E. Koch 2so, 
2sD. 

d) The light intensity has to be determined in order to allow evalu- 
ation of the quantum yield of a photochemical reaction. For this pur- 
pose standardized chemical actinometers e.g. potassium ferrioxalate 
(applicable at 250--450 rim) are most convenient s9,320~. In calculating 
the quantum yield from the measured light intensity and the absorption 
characteristics of the irradiated system, one has to consider the changes 
in optical density occurring during irradiation. These changes are due 
not only to the disappearance of the starting material; photochemically 

b) Caution: Irradiation of metal  carbonyl compounds with LASER beams for 
measuring Raman-spectra may be hazardous, an explosion was reported with the 
dimeric cyclopentadienylchromium dinitrosyl is0). 
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ht 

blade 

jacket 

Fig. 1. Irradiation apparatus for photochemical reactions in which a precipitate is 
formed [after 302,285)] 

formed products can absorb light, too, and undergo further photo- 
chemical reactions. This is especially the case in photochemical sub- 
stitution reactions of metal carbonyls. Pertinent examples are discussed 
in section E2. 

e) Important  methods to establish the mechanism of a photochemical 
reaction are: 

1. Emission spectroscopy (fluorescence, phosphorescence) of the excit- 
ed species allows their lifetime and multiplicity to be evaluated and a 
term scheme to be set up 535). The influence of varying concentrations 
of reactants and additives on the quantum yields of the luminescent 
processes as well as on the product distribution gives information about 
the reaction mechanism 436). Radiationless processes can be directly 
observed by studying the optical-acoustic relaxation of periodically irra- 
diated solutions ~9). 
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2. The absorption spectroscopy of transients (flash photolysis) is 
the most valuable tool for studying the decay of electronically excited 
species and reactive intermediates 360,379). The limiting factor in the 
observability of a transient is the duration of the flash: ~ 10 -6 sec. 
for conventional discharge lamps and ~ 10 -9 sec. for a Laser set-up 
536) 

3. A complementary method for the study of transients is photo- 
lysis in rigid media. This technique often allows the application of addi- 
tional methods, such as IR  and ESR to identify transients. Examples 
from the photochemistry of metal carbonyls are discussed in section C. 

B. UV Spectra and Their Interpretation 

The first electronic absorption spectra of metal carbonyls were measured 
by Eyber 14s) and by  Thompson and Garratt lS6,50a) who reported 
continuous absorption in the gas phase for Fe(CO)5 and Ni(CO)4, which 
was correlated with a dissociation process! 

h, 
M(r , M(CO)~_~ + co  

More recently several absorption maxima at > 40000 cm -1 for 
Ni(CO)4 413} and a shoulder at ~40000 cm -1 for Fe(CO)5 314) have 
been observed in solution. The spectra of Cr(CO)6, Mo(CO)6, W(CO)6, 
V(CO) 6, and [Mn(CO) 5] 2 have been carefully studied in solution s, 5 s, i a o, 
314,3~6,4s4,5~6) as well as in the gas phase 5s,194,20s,326). All the metal 
hexacarbonyls show strong absorption maxima at >28000  cm -1 with 
log e ~> 3. 

Molecular orbital energy level diagrams which allow the assignment 
of these transitions have been developed by  Gray et al. for M(CO) ~ 58,194). 
Fig. 2 shows the diagram for Cr(CO)6 (after 5s)). The correlation with the 
observed transitions (in CH3CN) is given in Table 1. 

M(CO)6 shows two different types of transitions: 
7. d-d Transitions (Ligand-Field Transitions): These are electronic 

transitions between molecular orbitals which are mainly composed of 
metal (M) d-orbitals. According to a crude electrostatic picture (crystal- 
field theory), these are transitions from d-orbitals directed between 
the ligands to d-orbitals directed towards the ligands [teg (dxv, dsz, dvz) 
-,-eg (d~--u~,dza) in O~ symmetry].  The corresponding electronic absorp- 
tion bands are expected to be weak, since these transitions [IA lg-*-lTlg; 
1A zg-~lT2g] are spin-allowed but  forbidden for electric dipole radiation. 
The relative high intensity of these bands in Cr(CO)6 may be explained 
by their proximity to strongly allowed transitions. 
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Fig. 2. Molecular orbi tal  energy level diagram for Cr(CO)6 [after 58)] 

Table 1. Electronic transitions in Cr( CO ) 6 (after 5s)) 

Transi t ion 
energy 
[cm-q 

e Assignment  

29500 700 1) 
31550 2670 1A tg--~ 1Tie , 2 t z g ~ 3  eg, a) d-d 
35700 13100 1Alg...~clTlu, 2 t2a--~-4 tin, CTML 
38850 3500 ZAlg---~ XT2g, 2 t2g-.~3 eg, 3) d-d 
43600 85100 tAlg--~dlTlu, 2 t2e-~2 t2n, CTML 
50900 z) 

i) Possibly pa r t  of the  vibrat ional  s t ructure  of 1Alg-*-ITlg. 
z) Data  from vapor  phase. Possibly orbitally or spin-forbidden CT-transition. 
s) Split t ing of this  t ransi t ion by  interelectronic repulsion is no t  shown in Fig. 2. 
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The net electron density at the metal is not significantly changed but  
shifted into the metal-ligand area. Increased repulsion between M- and 
-CO results and dissociation may occur. Nucleophilic at tack at the metal 
should be facilitated. 

2. Charge-Transfer Transitions: These are electronic transitions be- 
tween molecular orbitals mainly composed of metal (M) orbitals and 
those mainly composed of ligand (L) orbitals. Three different types of 
charge-transfer transitions are conceivable: 

a) Charge-transfer from the metal to the ligand: CTML 

M - - L  ~ M + + L  - 

The 2 t2g-*-4 flu and the 2 t2g-*-2 t~u transitions in Cr(CO)6 are of 
this nature. Both transitions are spin- and orbitally-allowed and are 
observed as very intense bands. Some metal character is admixed into 
the 4 tlu MO but  not into the 2 t~u MO. Therefore, a larger change in 
the electric dipole moment is associated with the 2 t~g--2 t2u transition, 
the 2 t2u being composed of ligand ~* only. 

b) Charge-transfer from the ligand to the metal: CTLM 

M - - L  * M - + L  + 

According to an estimate 194} this transition should appear at 
>60000 cm -1 in M(CO)6 and has not as yet been observed. Other 
workers consider the 50900 cm -1 band as resulting from such a tran- 
sition 927. 

C. Charge-transfer from the complex as a whole to the solvent: CTS 

h~ 
M - - L + S o l v e n t  * [ M - - L l + + S o l v e n t -  

This process is often observed in halogen containing solvents and 
will be discussed later in this section. 

The result of CT is a decrease in electron density at the metal or the 
ligand, respectively. Nucleophilic attack at M + is facilitated and disso- 
ciation of M - L  can occur. 

For the sake of completeness a third type of transition should be 
mentioned: 

3. Intra-Ligand Transitions: These are electronic transitions between 
two ligand orbitals, which are not involved in M--L bonding. The M--L 
bond is usually not affected by  such a transition, but  internal rearrange- 

�9 ~ *  3 7 3  



E. Koerner yon Gustorf and F.-W. Grevels 

ments of the ligand can occur. These transitions are observed e.g. in 
metal carbonyl complexes containing additional n-systems attached to a 
ligand. The electron density at the central metal remains unchanged in 
intra-ligand transitions. 

The assignments given by  Gray 5s) appear to be reliable, since the 
orbital energies iresulting from his calculations are remarkably close to 
the experimental vertical ionization potentials determined by photo- 
electron spectroscopy. However, it should be mentioned that  a semi- 
empirical MO-model for Cr(CO)~, Fe(CO)5, and Ni(CO)4 of Schreiner and 
Brown 412) results in a significantly different energy level diagram for 
Cr(CO)6. These authors in particular question the assignment of the 
t2g-,-eg transition. An energy level scheme different from Grays has 
also been proposed by  an Italian group 5o4) on the basis of S C F - M O -  
LCAO calculations. 

Grays  assignment of the CTML-band in Cr(CO)6 is supported by 
SCCC (Mulliken-Wolfsberg-Helmholz) calculations 92). Another approach 
did not give reliable data for the electronic spectra 93). 

One specific feature of transition metal complex spectra remains 
to be discussed: a band in Mo(CO)6 [28850 c -1, e: 350] and W(CO)6 
[28300 cm -1, ~: 1000], which is not observed in Cr(CO)6 has been as- 
signed to a spin-forbidden d-d transition [ iAlg~3Tlgl  5s). The intensity 
of this band increases with the atomic number of the central metal due 
to increased spin-orbit coupling 512). The increased probability of inter- 
system crossing in transition metal complexes should be kept in mind 
in a discussion of their photoreactivity. 

Some substituted metal carbonyls, as well as ionic carbonyls whose 
electronic absorption spectra have been recorded (but which are not 
discussed in the text), are compiled in Table 2. 

Most of the listed complexes show strong absorption maxima, prob- 
ably due to CT-transitions. The transitions in duroquinone-, cyclo- 
pentadienone-, and thiophene-dioxide-iron tricarbonyl have been assign- 
ed on the basis of qualitative MO considerations 40s). MO schemes have 
been established for Mn(CO) sX 193,195) and arene chromium tricarbonyls 
92). The band at 26670 cm -1 in CdHcCr(CO)3 has been at tr ibuted to a 
Cr-.-ring CT. We will return to this point in section E6. 

Most the spectral data given in Table 2 still await a theoretical 
treatment.  

The situation is quite different with ferrocene, which has received 
more theoretical consideration than any other organometallic compound. 
Available MO energy level diagrams are mainly based on SCF calculations 
of Dahl and Ballhausen 125), Shustorovich and Dyatkina 423,424,425), and 
of Yamazaki 522). A comparison of these data with those from a Wolfs- 
berg-Helmhotz calculation is given in 179). For  detailed discussion the 
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Table 2. Metal carbonyl compounds, whose U V data have been reported 

M(CO)m L References 

v(co)~ - 53) 

Cr(CO) 5 piperidine 
pyridine 484) 
ehinoline 

Cr(CO) 4 ethylenediamine 
propylenediamine 
trimethylenediamine 393, 394) 
dipyridyl 
phenanthroline 

Cr(CO) 3 benzene 02,314,526) 
mesitylene } 
aniline 3].4) 
dimethyl-aniline 

Mo (CO) 5 

Mo(CO) 4 

piperidine 130, 484) 
pyridine } 
PCI3, P(OC2H5)3, P(OCH3)3, P(OC6Hs)3, 130) 
P(CsH5) 3, As(Coils)3 

ethylenediamine 
propylenediamine 
trimethylenediamine 393, 394) 
dipyridyl 
phenanthroline 

Mo(CO) z mesitylene 314) 

w ( c o )  5 434) 

W(CO) 4 434) 

piperidine 

(piperidine) 2 
ethylenediamine 
propylenediamine 
trimethylenediamine 
dipyridyl 
phenanthroline 

393,394) 

Mn(CO) + -- 58) 

Mn(CO)5 CH3, CF3, CHACO, CF3CO 314) 
CI, Br, I, --O--NO~ 193) 

Mn(CO)3 C5H5, CH3--C5H4, CHaCO--CsH4 
CeHs--CO--C5H4 314) 
and other substituted cyclopentadienyl 
groups 

Re(co)~ - 58~ 
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Table 2 (continued 

M(CO)ra L References 

Fe(CO)4 } 389) 

Fe(CO) 3 

maleie anhydride 
dimethyl maleate 
dimethyl fumarate 
cis-1.2-dibromoethylene 
trans-l.2-dibromoethylene 
1.5-cyclooctadiene 

butadiene 
1.5-cyelooctadiene 
1.3-eyclooctadiene 
duroquinone 
cyclopentadienone 
2.5-diphenyl-cyclopentadienone 
3.4-diphenyl-cyclopentadienone 
tetraphenyl-cyclopentadienone 
2.5-dimethyl-thiophene-dioxide 
tetr aphenyl-thiophen e -dioxide 
tetraphenyl-eyelobutadiene 

20,>.) 

387) 

314) 

~8~) 

408) 

184) 

[Fe(CO)4]2- 
[Fe(CO) 3NO]- 
[Fe2(CO)8] 3- 
[Fe3 (CO) 11] 2- 
[Fe3(CO) llH]- 
[Fe4 (CO) 13] 3- 
[Fe4(CO) 13H]- 

9.31,233) 

reader is referred to 887). Some controversy still exists with respect to 
the order of the highest filled and lowest unfilled levels in ferrocene. An 
energy level diagram based on recent results from photoionization is 
found in 183). 

The electronic absorption spectrum of ferrocene has been carefully 
studied by  several groups 17,18,96,419,422,427,420) ; Table 3 gives possible 
assignments of some of the observed bands (after 17)). More information 
is needed about the nature of the excited states. Phosphorescence 
resulting from excitation of the 30860 cm -1 band, which is not  brought 
about by  excitation in the 23000 cm -1 region, has been reported 429.) 
and does not appear to be due to impurities 49.~) as suggested by 
others 18). This finding could mean that  a phosphorescent state is 
reached from the So~$2 transition, but  not from So~S1. Emission 
from a higher triplet state would definitely be a phenomenon demand- 
ing further investigation. 
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Table 3. Eleclronio transitions in ferrocene 
(after 17)) 

Transit ion Orbital  excitat ion Type 
energy [R = C5H5] 
[em -1] 

18934 not  assigned 1) 

22730 alg-*- elg M"~ MRn 

30860 
37 000 ezg--~ elg MRn--~ MRn 

41200 
42700 elg-+elg MRn-+MRn 

48 200 
51200 eln--~elg Rn'-~MRn 

53 000 not  assigned 

I) Singlet-triplet t ransi t ion according to 4S2), 
see also 96,419). 

Solutions of ferrocene in halogen containing solvents show charge- 
transfer absorption at ~ 32500 cm -1 73,369) of the type 

M --  L + Solvent  ) [M --  L] + + Solvent-  

as discussed earlier in this section. For CCl4 this process results in forma- 
tion of the ferricenium ion, whose electronic configuration and absorption 
spectrum have been studied 310,421): 

hv 
(C5H5) 2Fe + CC14 ) (CsH 5) 2Fe + + C1- + "  CC13 

Reports on the electronic spectra of substituted ferrocenes are quite 
f r e q u e n t  39,140,190,191,224,314,354,358,399,400,529,578), and. even the effect 
of pressure on the spectra of ferroeene and ferricenium ion has been 
reported 531). With all this information available the felTocenes should 
attract the interest of more photochemists in the future. 

Other aromatic transition metal complexes for which electronic 
spectra and assignments have been reported are: (C5K5)2TiX~ IX = C1, 
Br, I] 9e), (C6H6)zCr 59) [(C6He)2Cr]+I- 310,421,53% (CsH5)2Ni 17,422), 
and tetramethyl- and tetraphenyl-cyclopentadienone cobalt cyclopenta- 
dienyl 400,403). 
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Electronic spectra and band assignments for simple olefin transition 
metal complexes are relatively scarce: absorption spectra (with band 
assignments) of Zeise's salt (K[Pt(C2H4)C13]" H20 have been leported 
835~ as well as the spectra of other platinum olefin complexes la2). Details 
about the spectra of Ni(duroquinone)2 and olefin-Ni-duroquinone are 
available 4o9), and the absorption data for the tetraphenylcyclobutadiene 
complexes of PdC12 and NiCI~ have been given by Fritz 184). 

C. Primary Processes in Metal Carbonyl Photochemistry 

The intense absorption bands in metal carbonyls result from charge- 
transfer from an orbital mainly localized at the metal into an orbital 
mainly localized at the ligand (CTML) as discussed in section B. In a 
valence bond picture this can be rationalized as: 

M=c=_~ ~-~ ~-c---ol 

M - c = o  ~ i -d_ -~  

As a result dissociation can be expected: 

hip 
M(co)n , [M(CO),]* , M(CO)n-I+CO 

This indeed is the case. 
Strohmeier and Gerlach 49o) were the first to show that photolysis 

of Cr(CO)6 in inert solvents gave yellow Cr(CO)5, which decomposed to 
Cr(CO)6 and Cr if CO was removed from the system by streaming N2. 

Cr(CO)6 in methyl methacrylate polymers showed photochromic 
behaviour: a yellow colour appeared on irradiation which faded slowly 
at room temperature but fast at 100 ~ The corresponding species has 
been regarded as Cr(CO)s 822). 

R. K. Sheline et al. 137,441,442) presented IR spectroscopic evidence 
for Cr(CO)5, Mo(CO)5 and W(CO)5 by low temperature irradiation of the 
corresponding carbonyls in isopentane-methylcyclohexane glasses. The 
IR data obtained are consistent with C4v symmetry for all three (square 
pyramidal) pentacarbonyls. On warming up carefully the glass with 
Mo(CO)5 a transformation to a trigonal bipyramidal species with Da~ 
symmetry occurs. 
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Transients causing a yellow color in solutions of Cr(CO)6, Mo(CO)6, 
and W(CO)s in ether-isopentane appear not to be pentacarbonyls 14~) 
but ether complexes of these species 13s). 

Low temperature photolysis of Fe(CO)5 in a glass produced a new 
band at 1834 cm -x [possibly corresponding to Fe2(CO)9] if the spectra 
were taken from a melted sample 442). Measurements at low temperature 
showed bands at 1990 (s), 1980 (w), and 1946 (s) cm -1 due to an inter- 
mediate iron carbonyl species which has not been identified 441). 

Photolysis of Ni(CO)4 in a rare-gas matrix at 15 ~ svo) yields 
Ni(CO)3 with a non-planar structure (C3v, according to IR data). 

Keeley and Johnson z60) observed an exceedingly small incorporation 
of 14CO in Fe2(CO)9 formed in the vapor photolysis of Fe(CO)5. They 
argued that  electronically excited Fe(CO)~ [Eq. (1)--(3)] should be the 
transient leading to diiron enneacarbonyl and not Fe(CO)4 which they 
considered to be very reactive towards exchange (Eq. (4)--(6)]. 

hv 
Fe(CO)5 ~, Fe(CO)~ (1) 

Fe(CO)~ + Fe(CO)5 , Fe2(CO)9 + CO (2) 

Fe(CO)~ +14CO , Fe(CO)414CO+CO (3) 

Fe(CO) s , Fe(CO) 4 + CO (4) 

l~e(CO)4 + l~e(CO)s �9 Fe~(CO)9 (5) 

Fe(CO)4+14CO ~* Fe(CO)414CO (6 a) 

lq'e(CO) 4 + 14CO ~ Fe(CO) 314CO + CO (6 b) 

This conclusion appears somewhat questionable, since the constant of 
the transient's reaction with Fe(CO) 5 exceeds its deactivation with CO to 
Fe(CO)5 by at least one order of magnitude 14s). Therefore, Eq. (4)--(6 a) 
would fit the data  as well as Eq. (1)--(3), and there is no obvious reason 
why (6 b) should be faster than (6a). 

Noack 568) very recently reported the light induced exchange of 
Fe(CO)5 with gaseous ClsO in iso-octane as well as the photochemical 
scrambling of C 18 o in mixtures of Fe(CO)s and Fe(C180)5, and proposed 
Fe(CO) 4 as the intermediate responsible for these observations. 

Flash photolysis of Fe(CO)~ (5-10 -8 mole/l) in benzene produced 
a transient (~max 23800 cm -1) with a half life of 0.3 see., whose decay 
rate was increased by CO and ve ry  effectively by Ni(CO)4 [which did 
not absorb light] 283). The very long lifetime of this transient is not 
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compatible with an electronically excited state; even a triplet state 
should be rather short-lived in this instance due to the internal heavy 
atom effect. Therefore, this species can be looked upon as Fe(CO)4. 
The effect of Ni(CO)4 is described by  Eq. (7)--(9). 

Fe(CO)~ ~ Fe(CO) 4 + CO (7) 

Fe(CO)4 + Ni(CO)4 , Fe(CO)5 + Ni(CO)3 (8) 

Ni(CO)s + CO , Ni(CO)4 (9) 

No net photochemical reaction of Fe(CO) 5 is observed in the presence 
of Ni(CO)4 zsg). 

The following mechanism has been established for the flash photo- 
lysis of Ni(CO)4 in the gas phase: 

h~ 
Ni(CO)4 , Ni(CO) 3 + CO 

Ni(CO)s +CO , Ni(CO)4 
h v  

Ni(CO) 3 ~ Ni(CO) 2 + CO 

Ni(CO)2+CO ~ Ni(CO)3 

Ni(CO) 2 ~ solid products 

The mean lifetime of Ni(CO)~ was determined as 7 . 1 0  -9 sec. s8). 
In the presence of 02 gas-phase flash photolysis of Ni(CO)4 or Fe(CO)5 
follows the stoichiometric Eq. (10) and (11) 8v), see also 3za)). 

Ni(CO) 4 + 02 

2 Fe(CO)5 + 3 02 

h r  
Ni(CO)O + COs + 2 CO (10) 

hv 
Fe202(CO) + 4 C02+ 5 CO (11) 

Gas-phase flash photolysis of Fe(CO)5 can yield excited iron atoms 
and ions Be). 

The formation of addition compounds from photodissociated metal 
carbonyls and acetylenes has been postulated from flash spectroscopic 
studies of acetylene/02 explosions in the presence of metal carbonyls 144). 

Cyclobutadiene has been observed directly by  kinetic mass spectro- 
met ry  in the flash photolysis of cyclobutadiene iron tricarbonyl 513). 

~] --Fc(CO), ~" ~ ~ - ~  +Fe(CO)3 
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D. Reactions of M(CO)n-1 

From the discussion in section C. it became evident that the primary 
process in the photochemistry of simple carbonyls is the formation of a 
coordinatively unsaturated species M(CO)n-1. 

hp 
M(CO). , [M(CO)n]*--,-M(CO).-x + CO 

Stabilization of this intermediate can be brought about 

a) by recombination with CO: 

M(CO).-I + COrM(CO). (12) 

This has been demonstrated with 14CO as3~. 

b) by reaction with a metal carbonyl: 

M(CO)n-1 + m M'x(CO)y-~-M(CO)n_I[1VI'x(CO)u]m (13) 

c) by addition of a ligand L having n- or ,:-donor properties: 

M(CO)n-1 + L-*-LM(CO).-I (14) 

d) by reaction with a molecule X - Y  according to Eq. (15) : 

/ x  (IS) M(CO)n-1 + X--Y--~ (CO)n-tM~y 

If any of the products formed absorbs light of the wavelength used 
to photolyze M(CO)n, it is obvious that further photochemical reactions 
can occur, e.g. Eq (16) and (17): 

LM(CO) n-1 

LM(CO)n-2 + L" 

LM(CO)n-2 + CO (16) 

. LL'M(CO)u-2 (17) 

Examples of reactions Eq. (12)--(17) are discussed in section E. 
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E. Photochemical Substitution of Metal Carbonyl Compounds 

1. Photochemical Reactions of Simple Metal Carbonyls with each Other 

The first observed photochemical reaction with a metal carbonyl was 
the formation of diiron enneacarbonyl [Fe2(CO)9] from Fe(CO)5 in 
sunlight la4,xa~). 

h~ 
2 I~e(co)5 �9 Fe~(co)9+co (18) 

For the mechanism of Eq. (18) see section C ~.sa,2sg). 
Fe,(CO)9 can only be produced photochemically 74,429) and radia- 

tion-chemically (see section L.1). Thermal activation of this process 
would require temperatures above the thermal stability of Fe2(CO)9, 
which yields triiron dodecacarbonyl (Eq, (19)) above 40 ~ the latter 
in turn is sensitive, too. 

3 Fe2 (CO) 9"-~ 3 Fe (CO) 5 + [Fe (CO) 4] 3 (19) 

Illumination of Ru(CO)5 and Os(CO)5 produces [Ru(CO)4]s and 
[Os(CO)4]~ ss), and not the corresponding enneacarbonyls 316). The 
latter are expected to be unstable 112); low temperature studies should 
reveal their possible intermediacy. 

Recently, a variety of polynuclear metal carbonyls (or anions) 
containing different metals have been synthesized by irradiation of 
Fe(CO)5 in the presence of other metal carbonyls (or anions): 

[(CO) 5Mn] 2Fe(CO) 4 6,41~) ; 

[(CO) 5tle] 2Fe(CO) 4 142); 

[ReFe2(CO) 12]- 147) ; 

[(CO)sMn] IRe(CO)5] Fe(CO)4 

[TcFe2(CO) 1 ~ -  313); 

[FeMn(CO) 9]- 301); 

[FeCo(CO)8]- 391). 

146); 

The light sensitivity of V2(CO)12 has been reported 3s0). 

2. Substitution with n-Donors 

As discussed in section C. illumination of simple metal carbonyls usually 
results in dissociation of the excited molecules. At this point one should 
bear in mind, that with more complex metal carbonyl compounds this 
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is not necessarily so, due to possible transitions having no major effect 
on the carbonyl groups but facilitating nucleophilic attack at the metal. 
This point does not appear to be sufficiently emphasized (however, see 
514)). 

For simple metal carbonyls, a SN1 type of substitution mechanism 
can be anticipated [Eq. (20) and (21)] : 

M(CO), , [~t(CO),]* § + CO (20) 

M(CO)n-1 + L > M(CO)n-xL (21) 

With more complex carbonyl compounds, especially those containing 
extended ~-systems the alternative Sly2 type of mechanism [Eq. (22) 
and (23)] has to be considered in addition: 

hv 
LM(CO)n-1 ; [LM(CO)n-1]* (22) 

[LM(CO)n-1]* + L' ) LL'M(CO)n-2 + CO (23) 

Detailed studies of the concentration dependence of reaction rates 
are necessary to distinguish between the two mechanisms. 

Very frequently the argument has been put forward that the major 
difference between photochemical and thermal metal carbonyl substitu- 
tion reactions would be the S2vl character of the former and SN2 of the 
latter. However, it should be noted that S•I mechanisms are very 
common in thermal carbonyl chemistry 11,46,426) and the preference for 
S~vl or S~v2 often depends on the nature of the ligand alone 11). The 
major difference actually appears to be the very small activation energy 
observed for the reaction of electronically excited molecules, which 
allows the preparation of sensitive compounds which could never survive 
the high temperatures necessary to provide the larger activation energy 
of the corresponding thermal process. Despite this fact the selective 
photochemical excitation of one specific state appears to be another advan- 
tage. Differences 101) between photochemical and thermal substitution 
reactions can be due as much to different mechanisms as to different 
thermal stabilities of the products formed 7). 

The photochemical reactions of Cr(CO)~, Mo(CO)6, and W(CO)6 with 
amines according to Eq. (20) and (21) have been studied extensively by 
Strohmeier et al. 46e,490). The quantum yield of the dissociative process 
[Eq. (20)] appears to be unity 4s9). The determination is somewhat 
hampered by the internal light filter action (for spectra see 4s4) of the 
products formed [Eq. (21) and (23)] 279,468,487). The ratio of the rate 
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constants for Eq. (21) and the back reaction Eq. (24) determines the 
initial rate of CO evolution, depending on the donor properties of L and 
the electronic situation at the central metal 4s~) 

M(CO),-1 + CO-~M(CO), (24) 

The quantum yield of Eq. (20) is wavelength independent for C5H5 
Mn(CO)3 in acetone at 366 and 436 nm 47s~ an argument against the 
involvement of a vibrationaUy excited ground-state molecule 4). 

The wavelength-dependent quantum yield of reaction Eq. (23) has 
been explained by a wavelength-dependent probability of Eq. (25) versus 
Eq. (26) 47s~, possibly due to a hot ground-state molecule 4). 

h~' L" 
M(CO).-1L > M(CO).-1 + L  > M(CO)n-IL '  + L  (25) 

h~ L" 
M(CO).-1L , M(CO)n_aL+CO , M(CO)n_~LL '+CO (26) 

The photochemical substitution of metal carbonyls has found wide 
application in the preparation of a fascinating variety of transition 
metal n-donor complexes. In addition to the complexes listed in Table 
4 a few examples are shown in more detail to illustrate the preparative 
possibilities. 

M(CO)n+  P[M'(CH3)3]3 �9 
h~ 

- C O  
(CO)n-IMP[M'(CH3) 313 (27) 

M=Cr, Fe; M'=Si, Ge, Sn 417, 418) n = 6 ;  n = 5  

M (CO) 8 + X[M' (CH3) 3] 2 ~' 
--CO 

M" (28) (CO)~MX[ (CH3) 3] ~, 

M-~Cr, Mo, W; M'=Si, Ge, Sn, Pb; X = S ,  Se 41{]) 

Eq. (27) and (28) provide an interesting basis to study the electronic 
effects of different metals on the donor properties of P, S and Se in 
carbonyl complexes. Anyhow, one of the specific features of work done 
in this field is, that a major interest has been directed towards an 
understanding of the different factors determining the stability of a 
metal ligand bond (e. g. 444)). 
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Table 4. Photochemical  substitution of  metal carbonyl compounds  with n-donors 

A mmonia: 
Mo(CO)6 45o); Cr(CO)e 45o); W(CO)e 45o); CpMn(CO)3 400) 

.4 l ip hatic .4 mines,  monodsntat8 : 
Cr(CO)6 450) ; ArCr(CO) 8 451,470) ; Mo(CO) 6 450,491) ; W(CO) c 1.%245,450,457,491); 
(R)CpMn(CO)3 164,460,404,474) ; Fe(CO)5 414) 

A liphatic .4 mines,  bidentate: 

Cr(C0) 8 14) ; (R)CpMn{CO)3 477) 

Aromat ic  ,4mines,  monodentate : 

Cr(CO)8 457,493,497); ArCr(CO)3 457,458,47x,478); Mo(CO)6 492); W(CO)8 13,498); 
Mn2(CO)lo 584) ; (R)CpMn(CO)8 457.460.484.494) ; Fe(CO) 5 414) 

Aromatic  A m i n e s ,  bidentate : 

Cr(CO)8 14); Mo(CO)8 14,479); W(CO)3 xsg) 

Amides  : 

Mo(CO) 8 44o); W(CO)0 44o); CpMn(CO)8 104), product: amine complex 

Nitr i les  : 

Cr(CO) s 495) ; ArCr(CO) 3 471) ; Mo(CO) 8 488) ; W(CO) 0 821,440,488) ; Mn2(CO) 10 534) ; 
CpMn(CO)8 465); Fe(CO)5 414) 

Isonitr i les  : 

CpMn(CO)3 164), Fe(CO)5 444) 

Dicyan  : 

Cr(CO)e 2o8); Mo(CO)a 208); W(CO)e 2oo) 

Dialky lcyanamides  : 

Cr(CO)o o8); Mo(CO)o 8o) 

CN- :  

CpV(CO)4 150); CpMn(CO)8 157) 

P H a  : 

CpV(CO)4 158); Cr(CO) 6 155,574); Cr(CO)sC(CH3)OCH8 155); 
Mo(CO)o, W(CO)o, Cr[P(CTHs)3] (CO)5 155) 

Phosphines ,  monodentate : 

CpV(CO)4 9o9,448,511); CpNb(CO)4 349), mono- and disubst. ; Cr(CO)8 155,574); 

ArCr(CO) 3 458.478); CpMo(CO)sR 87.88); I(.~---Mo(CO) r ; [CpMo(CO)3]2 88,910) ; 

[(CO)4MoPMe2]2 315,502); CpMo(CO)sX 211); CpW(CO)sR 37.38); Mn2(CO) 10384.534) 
(R)CpMn(CO) s 80.312.881.413.448.481); Res(CO) i0252, 3as); Fe (CO) 525.311,312.428. 580); 
CpFe(CO) 9R 37,846, 348,509) ; Dien-Fe(CO) s 95.199) ; CpFe(CO)CFaCNH(NCCFa) 969) ; 
CpFe(CO)2J 348,378), [CpFe(CO)212378); [Fe(CO)aPMe2195OZ); 
Me3Sn(Si)Fe(CO)zCp2~); Ru(CO) 5 148); Os(CO) 5 143); C02(CO)6(CFsCzH) 213); 
CFsCOOFe(CO)8Cp 555); zz-pyrrolyl-Mn(CO)8 557); CsHsCr(CO)2NO 57c); 
CsHsMo(CO)eNO 570) 
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Table 4 (continued) . 

Phosphines, bidentate : 

(R)CpMn(CO)3 218,312,361); Mo(CO)4C6H4(PEt2)2 94); [Mo(CO)4PMe2]2 315,502); 
CpMo(CO)3X 211); [Fe(CO)3PMe2]2 502); [Bu~SnFe(CO)4~2 242,243); 
Me3Sn(Si)Fe(CO) ~Cp 264); CpMo(CO)3C1 554); CpFe(CO)eX (X ~ C1.Br) 554); 
CFaCOOFe(CO)2Cp 555); CF3COOMn(CO)5 555); CF3COOFe(CO)3(C3H5) 555); 
Fe(CO) 5 311,312) 

Phosphites : 

CpV(CO)4 448) ; Cr(CO)s 5z5,5zs) ; W(CO) 6 485,515.515) ; [CpMo(CO)3]~ 210,254) ; 
Me3SnMoCp(CO)3 253); (R)CpMn(CO)3 418,443); Fe(CO)5 435,560); 
CpFe(CO) 2R 445,348) ; CpFe(CO) 2J 345,350) ; CF3C(NH)Fe(CO) (NCCF3)C p 202; 
; CF3COOFe(CO)2Cp 555); CF3COOMn(CO)5 555); CH3COMn(CO)5[P(OCHa)3] 2 575) 

P F  3 (and other P X 3 )  (Review : 305)) : 

ArCr(CO) 3 104) ; Mo(CO) 6 103) ; Mn2(CO) 10 loz) ; HMn(CO) 5 327); (R)CpMn(CO) 3 104); 
HC2F4Mn(CO)5 827); Fe(CO)5 105); Co(NO) (CO)3 102) 

Arsines, Stibines, Bismutines ; monodentate : 

CpNb(CO)4 342); CpMo(CO)3X 211); (R)CpMn(CO)3 36,152,312,361,418,464); 
Mn2(CO)lo 354) ; Fe(CO)5 311,312,550) ; Fe(CO)4Br2 10s) ; ~-pyrrolyl-Mn(CO)8 557) 

Arsines, Stibines (bidentate) : 

CpMo(CO)3X 211); (R)CpMn(CO)3 218,3z2,asD 

Arsenites, Antimonites : 

(R)CpMn(CO) 3 413) 

Alcohols : 

Mo(CO) 6 440); W(CO)6 440) 

Ketones : 

W(CO)6 440); CpMn(CO)8 475) 

Ethers: 

Cr(CO)6 457,559,444) 1) ; ArCr(CO)8 205,226,458,559) 1) ; Mo(CO)5 443,559,444) 1) ; 
W(CO)6 440,559,444) 1); CpNIn(CO)3 450,36,164,226,460,475,225)1) 

Thioethers : 

Cr(CO)6 455) ; ArCr(CO)3 451) ; Mo(CO)6 455) ; W(CO)6 455) ; (R)CpMn(CO)3 455,459) ; 
Fe(CO)5 455) 

Sulfoxides : 

Cr(CO) 5 455) ; ArCr(CO) s 458,475,451) ; Mo(CO) 0 455) ; W(CO) n ,155) ; 
(R)CpMn(CO) 3 455,458,472) ; Fe(CO) 5 450) 

S02 : 
Cr(CO) 5 455); ArCr(CO)3 451); W(CO)o 455); (R)CpMn(CO)3 455,459); 
Dien-Fe(CO) a 75) 

1) Complex with T H F  utilized for synthesis of other complexes via llgand exchange. 
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Table 4 (continued) 

DialkylsuIfites : 
Cr(CO)6 455): ArCr(CO)s 451); W(CO)6 455); (R)CpMn(CO)s 455,459) ' 

CS~: 

Fe(CO)5 25) 

14C0, 1sCO, C1SO: 

ArCr(CO)s 470) ; ArMo(CO)s 470) ; CpMn(CO)s 470) ; Co(CO)sNO sg) ; Fe(CO) 5 5s8) : 
(C6Hs)sPFe(CO)4 568) 

Other Sulfur Compounds : 
[CpMnCONO] ~ + CFs--CS--CS--CFs 266) ; [CpFe(CO) 2] ~ + CF3--CS--CS--CF3 ~se) ; 
[CpFe(CO) 2] 2 + CHs--SS_CH 3 271) 

The photochemical formation of (7) from Fe3(CO)is and a bidentate 
arsine provides another interesting preparative example 12s). 

OC CO ~FI 

/Fe~_ jCH s 

' / - A s - . . ^ . .  

od ell, 

F 2 

F2 

A valuable method developed by Sfrohmeier 466) for the preparation 
of photosensitive complexes or complexes of strongly absorbing ligands 
is that  of ligand exchange with photochemically formed labile tetra- 
hydrofurane (THF) complexes (e. g. 138,204)) according to Eq. (29) and (30). 

h~ 
M(CO)6 + T H F  �9 M(CO)sTHF + CO (29) 

M(CO)sTHF + L ) M(CO)sL+  T H F  (30) 

Another method comprises ligand transfer from other complexes with 
or without detachment of the primarily coordinated metal: 

M(CO) 6 + n NiS4C4R4 , 

M=Mo, W; n = l , 2  
R =alkyl,  aryl 

~-CsHsTi[N(CH3) 2] s + M(CO) 6 

) M(CO)6-~n (S2C2R2)n + 2 n CO + n/2 (Ni2S4C4R4]z 405) 

hP 
�9 ~ -  CsHsTi[N(CHs) 2] 3M(CO) s + 3 CO 

25 Fortschr. chem. Forsch., Bd. 1372 387  
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The N(CHa)2 groups are bridging between Ti and 1K (Cr, Mo, W); 
the detailed structure is as yet unknown 72). 

Substitution of CO in a cationic complex by  the corresponding anion 
has been reported by  King 554) : 

[CpMo(CO) 2(diphos)]+C1 - 
h~ 

, CpMo(CO)(diphos) C I + C O  

3. Substitution with =-Donors 

One of the first ~r-donors applied in intermolecular photochemical sub- 
stitution reactions is acrylonitrile ~61), which can function as a ~r-donor 
(C-C) and as a n-donor (--C--NI) 205) as demonstrated with complexes 
(2)--(4). 

HC/CH~ 

I 
C 
HI 

co /CN 
oc,, , ~ c -  o ~ , ~  

)Fe. . . .H (2) =61, e-co (a) ~*,~ 
OC / [ CH 2 O 

CO CO 

HaC. 
oc\  ....XCH--C--~ K ~ o  
OC--2F~ ~ "Feq-CO 
OC / \[N~-C--CH%~ I" \ C O  

CHa 

(4) 41,) 

King reported recently the formation of the interesting complex 

~ C6,,,,p/'C6H5 

"-~c -'~ ..co 
M o ~ W - " - - M o  

OCo c 
HsC( C6H5 

from the irradiation of [(C 5H 5) Mo (CO) 312 or RMo (CO) 8(C5H 5) with trans- 
(C6H5) 2P--CH=CH--P(C6Hs) 2, which functions as a n- and ~r-donor 556). 

During the last eight years an impressive list (Table 5) of carbonyl 
complexes with at-donors has been prepared, using monoolefms, dienes, 
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trienes, acetylenes, and aromatic compounds. Excellent surveys have 
been given by Fischer and Herberhold 164,22s). Bonding to the metal 
can be rationalized as an interaction of a donor ~-orbital with an empty 
hybrid orbital of the M(CO)n-1 species combined with backbonding 
from the highest occupied metal d-orbital into the lowest antibonding 
~*-orbital of the ligand 1, s). The better the charge built up at the metal 
through the donor bond is compensated by backdonation into acceptor 
orbitals of the ligand, the more stable are the complexes of formally zero 
valent metals 288). 

Philodiene iron tetracarbonyls fulfil this postulate very nicely, back- 
donation works well into the low lying philodiene ~*-orbitals; e.g. maleic 
anhydride iron tetracarbonyl is stable up to 130 ~ and can be dissolved 
in concentrated H~SO4 without decomposition ag~). 

The low lying 7**-orbitals of conjugated dienes explain the stability 
of many diene metal carbonyl complexes e.g. butadiene iron tricar- 
bonyl 382). Photochemical preparation of the latter 286) is superior to 
the thermal procedure 272). Mercury can be used as a sensitizer in the 
photoreaction of metal carbonyls with dienes 189,170,176,241). 

Not all dienes necessarily have to be ~-bonded; e.g. perfluorobuta- 
diene forms stable a-bonds yielding 

//CF2\ 

F~ ~/Fe(CO)4 
/ 

CF2 

241) 

Cyclooctatetraene (COT) iron carbonyl complexes and ruthenium 
carbonyl complexes (Table 5) have raised a good deal of interest as flux- 
ional molecules which display temperature dependent NMR spectra; 
e.g. COT-Fe(CO)3 shows only one sharp peak at room temperature, 
but a pattern conceivable with 

Fe(CO)s 

at verylow temperatures. This has been attributed to rapid 1.2-shifts 117). 
Ligand systems containing several functional groups usually react 

step-wise with metal carbonyls with successive replacement of CO. An 
example is the photochemical reaction of Fe(CO)5 with 1.5-cycloocta- 
diene 284,287). 
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O + Fe(CO) 5 

( C O ) 3 F e - - - ~  �9 

] h~, (8) 

Fe (CO).~ + 

/-X 
(CO)4Fe"" ~ U -"'Fe(CO)4 

k__/ 
(6) 

h, ' ~ '~ - - -Fe (CO)4  

" ~ "  (5) 

h, 0 (7) 
k /  
Fe(CO) s 

+ CO 

The primary process is the formation of (5), which can be isolated 
but very easily decomposes to (6) and 1.5-cyclooctadiene. Absorption 
of another light quantum converts (5)--,-(7), in a third photochemical 
step (7) can be isomerized to 1.3-cyclooctadiene iron tricarbonyl (8), 
which can be prepared directly from 1.3-cyclooctadiene, too. Reaction 
(7)-,-(8) comprises an example of the photochemical rearrangement of 
a photoehemically formed metal carbonyl complex. Such reactions occur 
quite frequently and can be of preparative value (see section F. 2,3). 
In (6) the diene is acting as a bridging ligand, other cases of this type of 
coordination are found in 164,228). 

Reaction (5)--,-(7) is an example of intromolecular substitution 
reactions [Eq. (31)], as discussed in section E 4. 

C = C  C=C 

-co ; CO),_~ 

C=C "C--C 

I~(C0),,-1 

(31) 

The "bis-ylid" [(CoHs)aP]zC represents a very interesting type of 
ligand, illumination of W(CO)6 in its presence yields 

(OC)sW-~ C~,~ (CsHS)3 567) 
~(C6H5), 

390 



Photochemistry of Metal Carbonyls, MetaUocenes, and Olefin Complexes 

Table 5. Photochemical substitution of metal carbonyl compounds by x-donors 

1. Monoolefms: M(CO)n_I L, M(CO)n-2L2 

Olefin L M(CO)n (References) 

Ethylene 

Propene 

cis-2-Butene 
trans-2-Butene 
1-Pentene 
Styrene 

ArCr(CO)3 174,169,456); Mo(CO)6 439) 1,2); 
ArMo(CO)3 174) ; W(CO)6 439) 1.2) ; 
CpMn(CO)3 15,1sg,164,so2); Me3SnMn(CO)5 9s) 
Mo(CO)6 439) 1,2); W(CO)s 439) 1); CpMn(CO)3 15); 
Fe(CO) 5 291) 
W(CO)6 439) 1,2) 
w(co)6 439) 2) 
CpMn(CO)3 15) 2) 
Fe(CO) 5 291) 

Vinyl chloride 
Vinyl acetate 
Vinyl ethyl ether 
Acrylonitrile 
Methyl methacrylate 
Maleie acid, Fumaric acid 
Dimethyl maleate, 
Dimethyl fumarate } 
Tetraeyanoethylene 
Tetrahaloethylenes / 
(C2C1F3, C2C12F2, C2F4) J 
Hexafluoropropene 
1,2-Dihaloethylenes 

Fe(CO)5 291) 
Fe(CO) 5 298) 
Fe(CO) s 891) 
Fe(CO)s 201); CpMn(CO)s 538); 
Fe(CO) 5 298) 
ArCr(CO) 2 12) 

Fe(CO) 5 39tl) 

Mo(CO)e; Cr(CO)s; W(CO)6; CpMn(CO)3 227) 

Fe(CO) 5 15o) 

Fe(CO) 5 15o) 
Fe(CO) 5 288,285,202) 

Cyclopentene 
Cycloheptene 
cis-Cyclooctene 
cis-Cyclononene 
Norbornene 

ArCr(CO)3 456); CpMn(CO)~ 15,164) 
ArCr(CO)3 456); CpMn(CO)3 15,184) 
CpMn(CO) a 15,164) 
CpMn(CO)3 194) 
CpMn(CO) 3 15) 

Maleic anhydride 
Vinylene carbonate, } 
2.3-Dihydrofuran, 
1-Cyclopenten-3-one 
Endo-cis-bicyclo[2.2.1 ] } 
-5-heptene-2.3- 
diearboxylie anhydride 
Citraconie anhydride 
Cyclobutene-3.4-di- 
carboxylic anhydride 

ArCr(CO)8 12); CpMn(CO)3 225); Fe(CO)5 300,396) 

CpMn(CO) 3 225) 

ArCr(CO)a 12); CpMn(CO)3 15,225) 

ArCr(CO)3 12) 
Fe(CO) 5 202,2s5) 

2. Diolefins: M(CO)n-2L, M(CO)n-IL4), (CO)n-IM--L--M(CO)n-15), M(CO)n-4L2 

Diolefin L M(CO)n (References) 

1.3-Butadiene CpV(CO)4 176,170), [CpCr(CO)s]2 17B) 3) ; 
Mo(CO) 6 176) 1), 170) 1), 439) 1,2,4); ArMo(CO)3 176) 6); 
W(CO)e 439) 1,4); Mn2(CO)lo 534); 
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Table 5 (continued) 

Diolefin L M(CO) n (References) 

1.3 Butadiene 

Isoprer~e 
2.3-Dimethyl-l.3- 
butadienc 
Tetraphenylbutadiene 

CpMn(CO)3 176,170,533) 4,5); Fe(CO)5 286); 
Coe(CO)8 175) 7) 
Fe(CO) 5 278) 
CpV(CO) 4 17 o, 17o) 

Fe(CO)s 411) 

Cyclobutadiene 
l~entamethylcyclopen - 
tadiene 
1.3-Cyclohexadiene 
Norbornadiene 
I.S-Cyclooctadiene 
1.3-Cyclooctadiene 
Dicyclopentadiene 

Fe(CO)5 380) lO) 
Co2(CO)s 2o5~ 8) 

CpV(CO)4 170; CpMn(CO)3 173) 5); Fe(CO)5 63) 9) 
CpMn(CO}a 164) 4,5); Fe(CO)5 371) 
CpMn(CO)3 164) 5); Fe(CO) 5 287,341) 
Fe(CO) 5 287) 
CpMn(CO)~ 164) 4) 

Methoxy- 1,3-cyclohexa- 
dienes and derivatives 
Pentafluorocyclopen- 
tadiene 
Cyelopentadienone {CoH5)4 
a-Pyrone 

Fe(CO)s 33) 9) 

Fe(CO)s 35) ~); CPCo(CO) 2 35) 4) 

Fe(CO)s 411) 
Fe(CO)s ass) 

3. Cyclic Trienes and Tetraenes 

Olefin L Starting Product (References) 
Material 

N-Carbethoxyazepirm / Fe(CO) 
5 rosp. 2.4.6-Trimethyl- 

2.7-Dimethyloxepine Fe(CO) 5 
1-Benzoxepine Fe(CO) 5 
1.3.6-Cyclooctatriene Fe(CO) 5 
Cyclooctatraene Fe(CO) 5 

CpCo(CO) 2 
CpRh(CO) 2 
O33(CO)12 
Ru ~ (CO) 1 

Phenylcycloocta~e~raene Fe(CO) s 

Fe2(CO) 9 or 
Fea(CO) I~ 

Cycloheptatriene Co 2 (CO) s 
(C7H2) (CsHs)Mo(CO)g Fe(CO) s or 

Fe2(CO) 9 

Fe(CO)3L 162) 

Fe(CO)3L 160); Fe2(CO)oL 160) 
Fe(CO)3L 160) 
Fe(CO)3L 339) 
Fe(CO)3L a42,381) 
Fe2(CO)6L 5) 342,381) 
CpCoL 328) 
CpRhL,(CpRh)2L 5) 77) 
o,~-C8H8Os(CO)3 33) 
Ru(CO)3L, Ru2(CO)sL 82) 
Fe(CO) 3L 340,341) 
Fe2(CO) ~L 84O) 
Fe(CO) aL 340) 

C~HTCo(CO) 3 27.5) 

(CsHs) (CO)2Mo(CTHT)Fe(CO)3 116> 
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Table 5 (continued) 

4. Acetylenes: M(CO)n-IL, M(CO)n-2L 11), M(CO)n-aL 1,11), 
(CO)n-IM--L--M(CO)n-1 5) 

Acetylene L M(CO)n (References) 

Acetylene 

Propyl- and t-Butyl- 
acetylene 
Propyne, Diethylacetylene 
Phenylaeetylene 
Tolan 

CpV(CO)4 209) n ) , s n )  n ) ;  Mo(CO)6 439) Z) 
W(CO)s 489) 1,2) 
CpV(CO)4 209) 11), 811) 11) 

Mo(CO)6 430) s); W(CO)6 439) ~) 
ArCr(CO) 2 456) 
CpV(CO)3(PPh3) 269) it), sll) ii) ; CpNb(CO)4 3s2) 11), 
344) 1,II); ArCr(CO)3 456); Mo(CO)6 461)12); 
W(CO) 6 461) 12); (R)CpMn(CO)3 480,485) 

Co2(CO)6L 373) 5,13) 
ArCr(CO)3 12,426) ; Co2(CO)6L 372) 5,12) 

Acetylenedicarboxylic acid 
Dialkyl Acetylenedicar- 
boxylates 
Hexafluoro-2-butyne CpMn (CO) s 70) 

5. Aromatic Compounds 

Aromatic Ligand L Starting Product (References) 
Material 

Benzene 
Indene, Acenaphthene 
Benzene, substituted 
Bcnzenes, polycyclic 
aromatic compounds 

CpMn(CO) 3 CpMnL 164) 
CpMn(CO) s CpMn(CO) 2L ~25) 
W(CO) 6 W(CO) 5L 43s) 

1) Monosubstitution and some disubstitution. 
2) Complex has not  been isolated ; identification from spectra or by ligand cxchange 
3) Mononuclear product: CsH6CrC4H6(CO)2; C5H5 converted to C5H6. 
4) Ligand is monodentate. 
5) Bridging ligand in binuclear complexes. 
6) Substitution of Ar and CO: Mo(CO)2(CaH6)m 
7) Disubstitution: [C4H6Co{CO)212. 
s} Formation of MesCsCo(CO) 3. 
9) Isomerization of 1,4-eyclohexadienes to 1,3-cyclohexadienes in the course of 

reaction. 
10) By decarboxylation of photo-pyrone in the course of reaction. 
n )  Acetylene as bldentate ligand. 
13) Composition: M(CO) (tolan)m M =  Mo, W. 
13) HgCoz(CO)8 as starting material. 
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4. Intromolecular Substitution with n- and =-Donors 

Intramolecular substitution is easily brought about with =- or u-donor 
systems attached to a-bonded ligands in carbonyl complexes. 

~--C~H 5Fe(CO ) 2--CH 20--CR ~--CH=CH 2 
h~ 

CO 

> n_CsHsFe_CH 2 199) 

I-I~C=CH--CR z + CO 

SR CO 

I h. I 
~-CsHsFe(CO)z--S--C=S * ~-CsI-15Fe~- S + CO 

I II 
S C--SR 

84) 

n-allyl complexes result from a-allyl compounds: 

n'--CsH~M(CO).-- CHs--CH =CH 2 

1V[=Fe, n=--2 sol) 
M=Mo, n = 3  120) 
M = W ,  n = 3 2 ~  

M = R u ,  n = 2  55s> 

(CO).-i 
h. l 

n - - C ~ H ~ f  , CH 2 
, V.,~// 

_..~CH 
CH2 

+ co 

C6H 5- CH2Mo ( CO )s C5H5 ,. CH 2 

IV[o(CO)2 CsHs 

+ CO 268) 

~S~'-CH2-Mo( CO)s(C5H5) OC-Mo-CO + CO 

4; 
556) 
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~_CHa_M(CO)n (c5H5) h, S~ 2CO)n.l + CO 556) 

<V9 
M=Mo,  n = 3  
M = F e ,  n = 2  

A variety of reactions is observed with sulfur-containing complexes 
270,276,277) of the general formula CH3-S-(CH2)nM(CO)x(CsHs)v, n = 
1,2,3; M = Fe, Mo, Man; x = 2,3,5; y = 1,1,0. 

CHs--S--CH3 ~, CHs--S--CHs 

CsHsMo(CO) 3 or A C5Hs~Io(CO) 2 

" h t '  
~-CsHsFe(CO) s--CH2--CHs--SCHs 

co 
I 

) rc-CsHsFe C~O 
§ I 

CH=' 

+ ~-CsHsFe (CO) s-- S-- CHs + [~-C 5H 5Fe (CO) S--CH3] 2 + [~-C 5H 5Fe (CO) 2] 2 

5. Substitution with Substituted Metal Carbonyls 

Polynuclear complexes are produced by irradiation of substituted metal 
carbonyls in analogy to the reaction observed with simple metal carbonyls 
(see section E 1). In most cases either CO or another ligand attached to 
the mononuclear complex serve as bridging functions in the polynuclear 
products. 

a) CO as Bridging Ligand: Nitrosomanganese tetracarbonyl (isoelec- 
tronic with Fe(CO)5) forms a binuclear complex 510) according to: 

~ p  

2 Mn(CO)4NO , ON(CO) 2Mn(CO)3Mn(CO)2NO + CO 

CsHsRh(CO)~ yields (C5H5) 2Rh~(CO) 3 and [CsHsRhCO] 8 (two iso- 
mers) on illumination s31,3s2,3s3,86~). Two isomeric complexes with the 
composition [C5H5COC013 are obtained from C5H5Co(C0)2 a69). 
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b) Other Bridging Ligands: 

h~ 

2 CsHsM(CO}nAs(CFs) ~ 

M ---~ Mo, n = 3; M-~ Fe, n ---~ 2 

CsHsM~.CO)n_ 1 (CO)nZIMCsH5 + 2 CO 

124) 

The products formed from the corresponding perfluorophenyl compounds 
are polymeric according to their high melting points and low solubilities 
111). 

m(C6Fa) 2AsM(CO)nCsHs--~ [(C6F5) 2AsM(CO)n-ICsHs]m -{- mCO 

M : M o ,  n = 3 ;  M = F e ,  n = 2  

Binuclear complexes with bridging sulfur compounds result from the 
following reactions: 

1t 

h, ~ C s H s M C O ) ~ 1  S ~ I M  ~ C s H s + 2 - -  CO 2rc--CsHsM(CO),SR , -- ~ . ~ S / -  -- _ 

R 

216) M = W, ~, = 3, R =  C6H 5 

M = Fe, n = 2, R = CH a, C2H 5, C6H 5 7) 

A hexanuclear manganese complex [(CsHs)6Mns(NO)s] free of CO 
is obtained from [CsHsMn(CO)NO]2 274}. RhC13(CO)[(n-propyl)3P]2 
gives another carbonyl free complex [Rh2C16([n-propyl] 8P)4] 7 s). Hydro-  
gen is eliminated in the irradiation of CsH5Fe[P(OCsH~)3]2H to yield 
{CsHsFe[P(OC6Hs) s] 2} 2 3501. 

6. Substitution of Ligands Other than CO 

Only a few substitution reactions of ligands other than  CO in carbonyl 
complexes have been investigated. 

(CO)4Fe[CF2=CFC1] + C2F4 
h~ 

(CO)4Fe[CF2~CF2] +C2FsC1 15o) 

R~c/H h~ R~ /R R~ /H 
(CO)4Fe...]] + L  , (CO)4FeL+C=C + C=C 

R/C~H H / ~H H / ~R 

R = COOCHa; L = dimethyl  fumarate  282~ 
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The mechanism of this reaction is not as yet quite clear. Since cis/ 
trans isomerization of the replaced ligand is observed in the photochem- 
ical but  not in the thermal substitution reaction, the mechanisms of 
these two reactions appear to be different ~s~). The photochemical reac- 
tion must involve a species, which can rotate about the C=C bond. 

RXc/H 
(cohFe + 

.C 

R/ \H 

h~ 
(CO) 4Fe----ll ~ (CO) 4FcL + ~ 

(CO)*~'e'"'/ ....... r / ~ -  H R 

l R/c"Id 
Two different reactions can be supposed to result from excitation of a 

CTML transition: 
a) Dissociation into Fe(CO)4 and an excited olefm, which can produce 

cis/trans isomers. In a SN1 reaction Fe(CO)4 can combine with L or with 
the (isomerized) olefm. 

b) CTML in an iron tetracarbonyl olefin complex can lead to a situ- 
ation resembling the bonding in an olefm radical anion to a metal cation 
(with an unpaired electron). Even though bonding may still be too strong 
to allow complete dissociation, rotation could occur in the olefin anion 
radical. Internal return could lead to the complex of the cis/trans iso- 
merized olefm, attack of a nucleophile on the metal (in the transient) to 
replacement of the (isomerized) olefm. 

Current work in the authors' laboratory is directed towards a clari- 
fication of this problem 285). (See section F 2 for further discussion). 

Strohmeier 469) reported the photoinduced exchange of unlabeled 
benzene chromium tricarbonyl with laC-labeled benzene (57% in 3 hrs., 
366 nm irradiation). 

(CdH~)Cr(CO)3 +14C6H6 ~ (14CdHe)Cr(CO)3 + Call6 

Chlorobenzene, toluene, and cycloheptatriene could be exchanged as 
well. The reaction worked with Mo(CO) 8 compounds, too, but  very slowly 
with W(CO)3 complexes. 
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Complete dissociation into M(CO)3 and the ligand has been proposed 
for this process 467,469), which is obviously brought about by M-,-C6H6 
charge-transfer as discussed in section B. 

It appears worthwhile mentioning in this connexion that the thermal 
formation of C6H6Mo(CO)3 from C8H6 and Mo(CO)6 could not be accel- 
erated photochemically 486}. 

/ X  
7. M(CO)n-1 + X-Y-*-(CO)n-1 M ~ y  

Photochemically produced M(CO)n-x can add to covalent molecules 
(X-Y) or ionic compounds (X+Y -) with the formation of 

X 
(CO)n-IM~ or [(CO)n_iMX]eY o 

Y 

and secondary products derived therefrom. 

a) X = H :  Novel deep red [Fe(CO)aX]2 ( X = B r ,  I) is formed in the 
reaction of Fe(CO)4 with I-IX in pentane 234) according to Eq. (32) and 
(33). 

Fe(CO)4 + I-IX-+ (CO) 4F~ H (32) 

x I x  
H , cco),F/ " occo),+2 CO+H, (33) 2 (CO) t F e ( x  

An analogous reaction occurs with RSH 333) : 

hv 

The corresponding products derived from alcohols and Fe(CO)4 
appear to be unstable 238,33~) and disproportionation is observed ~85). 

Alcoholates are produced from benzene chromium tricarbonyl Sl) 
and Cr(CO)6 79) according to Eq. (34). 

h~ 
CBH6Cr(CO)3+3 CH30H * Cr(OCH3)3+C6H6+3 C 0 + 3 / 2  H2 (34) 
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CH3OH/THF mixtures yield Cr (OCH 3) 2" THF and phenol Cr (OC 6H 5) a 
with C~H6Cr(CO)3 79). 

Other organic active hydrogen compounds such as acetylacetone 
(AAH), hexafluoroacetylacetone, dibenzoylmethane, and 8-hydroxy- 
quinoline gave similar photochemical oxidative decarbonylation reactions 
xss,3s3). A preparative application is the preparation of ferric acetyl- 
acetonate according to Eq. (35): 

Fe(CO) 5 + 3 AAH : Fo(AA)3+S CO+3/2 H~ (35) 
In C.Hr 

Attempted photopinacolization ot acyl-cyclopentadienylmanganese 
tricarbonyl with isopropanol caused decomposition lag). 

Diphenylphosphinic acid forms coordination polymers with Fe(CO)5 
and Or(CO)6 8~6,8~): 

M(CO)n + 2 (CsHs)zPOOH 
/ 

HsCs .CsHs 
co \ /  

. I / O ~ p = C  

' ~ " O ~ P  ~ O" 
(CO)n-4 / \ 

HsC~ CsH5 

+ 3 C O + H  z / 

The photochemical reaction of trimethylhydrides of group IV ele- 
ments with osmium and ruthenium carbonyls has been studied by Stone 
564} : 

(CHs) 3Mtt + Oss(CO) 1 

M--Si ,  Ge, Sn 

(CH3) sSiH + RuB (CO) 1 

hp 
> (CHs)sMOs(CO)4H 

> [(CH3)sSiRu(CO)4]2+[(CHa)sSi]~Ru(CO)4 

The corresponding reaction of trichlorosilane with a variety of tran- 
sition metal compounds has been recently reported by Graham 5~3): 

ClaSiH + C~H6Cr(CO) 3 

ClaSiH + CsHsMn(CO) a 

ClaSiH + CsHsFe(CO)2(SiCla) 

ClsSiH + C5H ~Co (CO) 

> CeH6CrH(CO)2(SiC18) +CO 
h ,  

> CsHsMnH(CO)2(SiCIa) +CO 
h, 

> CsHsFeH(CO) (SiC13)~+CO 
h~ 

J CsHsCoH(CO) (SiCls) +CO 

The photochemical reaction of (C6Hs)2SiH2 with Re2(CO)10 yields 
the novel (C~Hs) ~SiH eRe ~(CO) 8 572). 
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b) X-- Y = R S S R :  

hv 
C6H6Cr(CO)s ) Cr(SCHs)s + C6H6 + S CO 8o) 

CHzSSCH, 

R 
I 

R/S,,(CO)s S S,,(C0)3 S., 

Fes(CO~, h, + ss) 
~-s s -R  �9 " ,, .Fe ] .Fe 

"(cob '{co)~ 

c) X - -  Y = R-Halogen: Spectroscopic and chemical evidence has been 
presented in the case of CHBrs for the intermediacy of (CO)4Fe(R)-halo- 
gen in the photochemical reaction of Fe(CO)5 with CHC1s, CHBrs, 
CHsCOCI, C6H.~COC1, CsHsCH~CI, and (CHs)sCBr 2s9,~95): 

Fe(CO) 5 + CHBrs 
hP ,CHBr2 

(CO)aFe~ + C O  
Br 

I HC1 

CH2Br2 

Coupling is observed with tropylium bromide 2s9) : 

Fe(CO)5 + 2  CTH~Br 0 
h~ 

CTHT--CTH? + FeBr2 + 5 CO 
CH,0H 

Alkyl halides containing easily abstractable ~-hydrogen undergo 
elimination reactions 284>: 

] h ,  H - c o ,  -~, 
H3C_C_Br.I_Fe(CO) 5 > (CO4)Fc H~ 

I FeBr 
CH s H3C. C "CH3 ] 

(co) s 

I->= 
e ~ H  -CO, -H~ (CO) 4F ~ [(CO)~FeBr] 2 

Br 
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Backbonding in coordinated halo-olefins activates the - C - X  bond 
due to contribution of X-orbitals to the antibonding M0's 202 285) 

H Y HX'~C = c ( Y  / ''...,"-' 
(co)~F~-..ll + [Fe (CO)~]--,- ( r  + 

x/%H X / 
X = C1, Br, I;  Y = F, C1, Br, I 

2 CO 

Allylic halides form ::-allyl iron tricarbonyl halides on illumination 
in the presence of Fe(CO)5 219,220). 

R1 R1 

R~--CH ..--~C--CHIX + Fe(CO) 5 ) I ~  

~e\ x 
(co) s 

X = C I ,  Br, I; R X = H ,  CHa; R 2 = H , C H  3 

A cleavage reaction of a F e - C  bond has been observed with C3F7I s4s) : 

~-C6HsFe(CO) 2C6tIs + C3F7I ~' , ) n-CsH5Fe(CO) 2I + products 

Photochemical reactions which do not involve cleavage of M(CO)= 
bonds have been described by  Hieber 2so): 

hv 
HMn(CO)s(PRs) ~ + CC14 �9 C1Mn(CO)~(PRs) 2 + halogenated hydrocarbons 

hP 
Hg{Mn(CO) s[P(OC6Hs) a] ~} ~. ) 

CClt 
2 C1Mn(CO) 8[P(OCoHs) 8] 2 + HgCl~ 

d) X - Y = 0 2 :  Dimeric cyclopentadienylmolybdenum tricarbonyl 
yields compounds (9--72) on irradiation in CHC13 in the presence of 
02119).  
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Mo Mo 

o// \cl o//'Po 
(9) (sO 

0 
- o  

O O 

(11) 

(12) 

e) X - - Y = X e Y e :  A variety of anions have been employed as donor 
systems in carbonyl complexes, e.g. 1) : 

ht 
Fe(CO)a + (C~Hs)4N~I e �9 [(C2H5) 4N]e[Fe(CO) 4I] 0 + CO 

Similar reactions have been carried out with Cr(CO)6, Mo(CO)6, 
and W(CO)6 using [(C~H5)sP]2NX (X=CI, Br, I) ago), [(CeHs)sP]zN s 
PF2S~, [(C6H5)4As]ePOSF~ 389), and with Cr(CO)6, W(CO)e, and 
Fe(CO) 5 using [(C 6H 5) aP] zNeX e (X = NCS, CN) s s s). In most instances 
polynuclear complexes are formed, too. Some related reactions have 
been mentioned in section E 5. 

Recently, even "dicarbollide" ions have been coordinated to carbonyl 
compounds 217) providing an example of a triple "cross-over" between 
carborane chemistry, coordination chemistry, and photochemistry. 

hP 
N a ~ + ( S ) - I . 2 - B g C s H ~ + M ( C O ) 6  ) N a ~ + [ ~ - ( 3 ) - I . 2 - B g C s H I 1 ] M ( C O ) ~ - + 3  CO 

THF 

l~I ~--- 1V[o, W 

The complex anions were precipitated as (CH3)4N+-salts. 
Another very interesting reaction is the coordination of triphenyl- 

cyclotriphosphine dipotassium (13) to metal carbonyls 247). 

I bloC6 P~ C6Hs 1 \- F/ 

/ / 
L Call5 2 

h~ + M(CO)= 
-CO/In TIIF 

Ks[IVI(CO),I-I(PC~Hs) ~], THr 
I%I = Ni, Fe 

(#s) 
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Similar reactions have been described with KP(C6Hs)2 and Ni(CO)4 
246). 

The reviewers feel that coordination of silver nitrate to metal car- 
bonyls may play a role in its reduction by a variety of irradiated metal 
carbonyls, a process which has been claimed for photocopying in a 
patent 248). 

f) X - Y = M - M ' :  Cr(CO)6, Mo(CO)6, W(CO)6, and Fe(CO)5 give 
(C6H5)4As-M(CO)n-IM'C13 (M=Cr, Mo, W, Fe; M'=Ge,  Sn) on iUu- 
ruination with (C6H5) 4As--M'C18 392) possibly by insertion of the photo- 
chemically formed M(CO)n-1 species into the As-M' bond. 

8. Disproportionation by Substitution 

Metal carbonyls of the 7. and 8. group can react with strong n-donors 
under disproportionation to ionic metal carbonylates in a so-called "base- 
reaction", e.g. Fe(CO)5 with pyridine 235). 

5 Fe(CO)5 + 6 C6HsN 
lit, 

, [Fe(C6H5N)d [Fe4(CO)la] + 12 CO (36) 
85 ~ 

It has been shown that pyridine and other ligands known to cause 
the "base-reaction" can yield normal substitution products, e.g. (C0)4 
FeC6H5N, if the illumination is carried out at room temperature in 
hexane 414) (see section E2). Since, e.g. pyridine iron tetracarbonyl 
decomposes at 65 ~ (melting point) in the solid state and quickly in 
solution, it appears possible that Eq. (36) and many other "base-reac- 
tions" are thermal decomposition reactions of photochemicaUy formed 
"normal" complexes, due to the high temperatures employed in the 
photolyses. Therefore, the reader is referred for further information to 
existing review articles 234,235) and to a few other references 210,236,237). 

9. Chemical Transformations of Ligands 

Several cases of desoxygenation of organic compounds have been observ- 
ed in the course of photochemical reactions with metal carbonyls. 

A unique complex is formed in the reaction of Fe(CO)s with diphenyl- 
ketene a30,334). 

/ F e  (CO) 4 
(C6Hs)~C=C=O+2Fe(CO)s n, > (C~Hn)zC=C(le(cO)4+Pr~ 

The fate of the removed oxygen has not been reported (C02 ?). 

26 Fortschr. chem. Forse.h., Bd. 18/2 4 0 3  



E. K o e r n e r  yon  Gus to r f  a nd  F . -W.  Grevels  

Nitrobenzene is reduced to nitrosobenzene with Fe(CO)5 and yields 
dimeric nitrosobenzene iron tricarbonyl 293). 

h~ 
2 C6Hs--NO2 + 2 Fe(CO)5 ) [(CO)3FcC6HsNO]2 + 2 CO + 2 CO2 

In this instance CO is oxidized to CO2. Substituted aromatic nitro 
compounds give the same reaction with excellent yields ~9o). X-ray 
structural analysis of these compounds provides final proof of the 
structure s29). 

I t  is worthwhile mentioning that NO-~ is desoxygenated to NO in its 
photochemical reaction with [CsH~Mn(CO)2NO]PF6 yielding [CsHsMn 
(NO)2]a, n > 1 26~). A very surprising reaction is the formation of the 
thionitroso complexes (ld and 15). While (14) results from the photo- 
chemical reaction of the sulfur diimide RN=S=NR with Fe(CO)5, (15) 
is obtained by desoxygenation of RNSO with Fe2(CO)9 365). 

] ] (15) : R = C o H  5 
(co) ~ (co ) ,  

Desulfurization of thiophene occurs with Fe(CO)5 414): 

Fe(CO) 5 + �9 + products 
Fe 
l I 

(co)3 (co)3 
(~) 

(76) is also produced by heating of the components 255). 
Diphenyldiazomethane forms the complex (17) with Fe(CO)5, the 

origin of the additional hydrogen is unknown 33). 

2 (R--C6H~) 2CN2 + 2 Fe(CO) 5 
ht~ 

) 

(C6H4R) ,C~%N N/C(C6H4 R) , 

I/H J/H 

(cob (co),, 

(lZ) 
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NO~ in KOH/water is photochemically reduced by Fe(CO)6 to the 
complex (78) 1s1). 

H2Nk NHz 

(CO) a F e  ~ Fe (CO) 3 

(is) 

Rosenblum et al. as6) reported a very elegant synthesis of cyclobuta- 
diene iron tricarbonyl starting from r162 The corresponding reac- 
tion with cyclopentadienylcobalt dicarbonyl produces cyclobutadiene- 
(cyclopentadienyl) cobalt sss~. 

Cio hy ~, Fe(CO)s 1, EtaO O O 

" [~-Fe(CO)s + ~--O Fe(CO)s + CO2 + CO 

The catalytic formation of diacetone alcohol has been observed in 
the irradiation of cyclopentadienyl manganese tricarbonyl in acetone 
47 a, 4 ? 5). The mechanism of this reaction is unknown: possibly, manganese 
oxides formed in this reaction function as base catalysts in a condensa- 
tion reaction. 

Illumination of Fe(CO)5 and hexamethyl Dewar benzene produces 
0.3% of dimeric hexamethylbenzene iron dicarbonyl 154}. This reaction 
leads us to a variety of isomerizations in metal carbonyl complexes 
brought about by illumination, as discussed in the next section. 

F. Photochemica l  Isomerizat ion of Metal Carbonyl Compounds  

1. Positional Isomerization 

Positional isomerization of the iridium complex (19) to (20) is brought 
about by irradiation ~8). 
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x P 

> I r  P(C~Hs) 2C.H5 
P. [ ,P P [ X etc.  

I I x =  c,, Br x x 

(19) (20) 

Similar isomerizations have been observed with complexes of the 
general formula IrC13(CO)L2, IrHX2L3, IrC13LL~, and RuCI2(CO)2L2 
78). Irradiation into the long wavelength d--d transition of the square 
complexes cis- and trans-[P(C2H5)3~2PtC12 produces a solvent polarity 
dependent photostationary state of both isomers 207). The following path 
was proposed for this reaction: 

Square  np Exc i t ed  Exc i t ed  Tet ra-  Square  
ground  -, \ square  ~ square  ~ hedra l  ) g round  (cis/trans) 
s ta te  single~c t r ip le t  t r ip le t  s t a t e  

The solvent effect could also be due to excitation of a solvated ground- 
state molecule, isomerization proceeding through a trigonal bipyramid 
containing a solvent molecule. 

Many examples of such isomerizations are known with ionic inor- 
ganic coordination compounds 518). However, of simple metal carbonyls 
only Fe(CO)412 has been investigated: the usually obtained cis-isomer 
is photochemically rearranged to the unstable trans-isomer asg). Contra- 
dicting claims exist with respect to the reversibility of this process 250, 
366). 

2. Isomerization of Ligands 

Isomerization of the olefinic ligand is observed in the photochemical 
rearrangement of dimethyl maleate iron tetracarbonyl to dimethyl 
fumarate iron tetracarbonyl aoo,ags). 

CO 

OC.. 

oc,, 
J 
co 

CO 

/~C"~I-~ ROOC H 
m')- OC ~HHJ? f 

COOR 
CO 
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The equatorial position of the olefmic ligands remains unchanged in 
this cis/trans isomerization ~as). Some mechanistic aspects of this reac- 
tion have already been discussed in section E6. 

The photochemical isomerization of 1.5-cyclooctadiene iron tricar- 
bonyl (7) to 1.3-cyclooctadiene iron tricarbonyl (8) mentioned in section 
E3 is an example of ligand isomerization by formal shift of C=C bonds 
284). No deuterium is incorporated in the complex if the isomerization is 
carried out in a D=-atmosphere. I t  appears not impossible, that  the 
rearrangement occurs by a skeletal reorganization involving cleavage of 
C-C  bonds and not hydrogen shift 2s4). 

Ligand isomerization must also occur in the photochemical transfor- 
mation of cis- and trans-(1.2-dibromoethylene)iron tetracarbonyl to a 
binuclear complex (see section E7c), since both iron tetracarbonyls 
yield the same product with a trans-configuxated C=C bond 20%2ss). 

3. Photoinduced Catalytic Isomerization of Olefins with Metal Carbonyls 

Two mechanisms have been advanced for the catalytic thermal isomeriza- 
tion of olefms with iron carbonyls 31s) : 

I f H I I I 
- -C - -C I - - C - - H  - - C - - H  - - C - - H  

II i [---Fe(CO)= [ I I 
a) --C ~ --C ~__ --C--Fe(CO)3~-- --C ~ --C 

I I ! II---Fe(COh 11 
--C--H --C--H --C--H --C I --C 

I l J i H t 

I I V I I 
- c  - c  c/ H --C--H --C--H 

11 Fe(CO)~ ll---Fe(CO)3 ~ I I I 
b) - - C  ,~ b - - C  ~ - - C  [ F e ( C O ) a . ~  - - C  ~ - - C  

I I "Q, I I - - -F~(co) ,  II 
- -C--H - -C--H C3 --C --C 

I I / ~  I I 

Both mechanisms postulate addition elimination reactions with 
Fe--H. The basic difference is that  a) involves the mutual transformation 
of ~-and n-bonded species and b) that  of ~- and x-allyl bonded species. 
Both pathways need a coordinatively unsaturated iron carbonyl species 
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to start with. Therefore it is not surprising that irradiation facilitates 
and accelerates the catalytic isomerization so that it can be carried out 
at room temperature. 

1-Octene and 1-undecene are converted to internal olefins by illumina- 
tion in the presence of Fe(CO)5 or Fe3(CO)12 2o,21,91~ in an intramolecular 
reaction lag). Cic/trans isomerization of 1.6-cyclodecadiene has been 
reported 222} (illumination with Fe(CO)5). Shift of the double bond in 
allyl ethers to the corresponding propenyl ethers 9.51} or isomerization 
of unsaturated ethers 126} can be photoinitiated in the presence of 
Fe(CO)5, under similar conditions ketones and aldehydes can be pre- 
pared from unsaturated alcohols lmL 

4. Photoinduced H Abstraction from Phenyl Groups 

Irradiation of [(C6Hs)2P-CH~--CH2P(C6H~)2]2Fe'CH2--CH~ results 
in liberation of ethylene and in the formation of [(C6Hs)2P-CH2-- 
CH~-P(C6Hs) 2]Fe(H) [C6H4P(C6H~)--CHu--CH2--P(C6Hs)2] 215). Hy- 
drogen is transferred from a phenyl group to the iron. Under ethylene 
pressure this hydrogen returns to the original ligand. 

Hydrogen transfer from a phenyl group to nitrogen is observed in the 
photochemical formation of (21) from azobenzene and Fe(CO)5 24}. It 
appears not impossible, that intermediates with F e - H  bonds are involved 
in this reaction. 

OC\~ 0 
.Fe H 

CO 

(21) 

G. Photochemical Addition and Elimination Reactions 
of Metal Carbonyl Compounds 

1. Insertion into M-M bonds 

a) Insertion of Olefins and Acetylenes: The photochemical reaction of 
trimethyltin manganese pemtacarbonyl with tetrafluoroethylene yields 
a variety of products according to Eq. (37) 9s,99,100). 

CF~=CFH forms products according to Eq. (38) mainly. CF~=CFC1 
behaves similarly. Ethylene replaces CO in the starting material (see 
Table 5) but does not give any insertion. 
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(CH3) aSn--Mn(CO) 5 + C2F4 
h~ 

(CH3) 3Sn--CFz--CF,--Mn(CO) s (37) 

1 
CF~CF--M~(CO/. + (CH.I ~S~F (38) 

CF2=CF 

(CO) ,Mn Mn(CO) ~ CF 2=CF--C--Mn(CO) 5 

CF=CF~ O 

C4F5Mn(CO)s is obtained from perfluoro-cyclobutene and (CH3)a 
Sn-Mn(CO) 5 69~. 

) [ _ . . _ ~ M n ( C O )  5 results from the corresponding reaction with Dewar 
F" F "F 
hexafluorobenzene 110). (CH3)aGe-Mn(CO)5 forms (CH3)3Ge-CF2-  
CF2-Mn(CO)5 with CF2=CF2 but  CHF=CF-Mn(CO)5 with trifluoro- 
ethylene 97). Tetrafluoroethylene gives insertion with (CH3) 8Sn-Co(CO) 4, 
trifluoroethylene reacts differently 60,61). 

The insertion reactions do not occur in the dark. A free radical 
process is unlikely and a four center transition state has been proposed 
9~). The action of light is not clear, whether activation of the M - M  bonds 
results, remains to be checked. 

CF~---CF-CF=CF-M_n(CO)5 and (CH3)3SnF are produced in the 
irradiation of (CH3)3Sn-M_u(CO)~ with perfluorobutadiene 197). Inser- 
tion is observed in the corresponding reaction with (CH3)sGe-Mn(CO)5 
combined with 1.3--F-shift to yield (CH3)aGe-CFz--CFg.--CF----CF-- 
Mn(CO) 5 196), constituting an interesting 1.4-addition reaction. Perfluoro- 
but-2-yne and (CH3)3Sn--Fe(CsHs)(CO)~ give (CH3)3Sn-C(CF3) = 
C(CF3)-Fe(CsHs) (CO) 9. ~). 

Insertion reactions are also observed with trifluoropropyne 5a9): 

(CH3) 3MFe(CO) 2 (C5H5) + CF3--C~---CH 

M = Si,  Ge 

hF 
, (CH3) aM~x ,/Fe(CO) 2(C5H5) 

C= H/ c:",cF3 
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The corresponding tin compound yields 

rSC\c=r/Fe(CO) 2(CsHs) 
H/ "~H 

as a secondary product. 

b) Insertion of SnX~: Insertion of SnX2 ( X =  C1, Br) into the Co-Co 
bond in (CO)3Co(L)--CO(L)(Co)3 (L=P[butyl]3) can be brought about 
thermally and photochemieally. The reactive intermediate in the latter 
reaction is supposed to be an electronically excited species with an 

bond, while a (CO) (L)Co radic  pair or 5Co-CO-Co  activated Co--Co 

have been considered for the thermal reactions on the grounds of kinetic 
data 40). 

The suggested activation of the M-M bond in the excited state is 
supported by a variety of observations: 

2 phenanthroline(CO) 3Re--Mn(CO) 5 ~ [phenanthrolinc(CO) are] 2 + Mn2(CO) lO 
206,307) 

h~ 
[(=-CsHs)Mo(C0)2P(OCHs)s]2Hg ) [(=-CsHs)Mo(CO)2P(0CHa)a]2 + Hg a23) 

I-Ig[Fe(CO)aNO]2 ) HgFe(CO)4+Fe(CO)2(NO)2 232) 

2. Insertion into M--C- and M--H-Bonds 

a) Insertion of Olefins and Acetylenes: R-Mn(CO)5 (R=CH3,  C6H5) 
reacts photochemically with tetrafluoroethylene to give R - C F ~ - C F 2 -  
Mn(CO)5, with CF2--CFC1 CH3--CFz-CFC1--Mn(CO)5 is produced 52s, 
524). With perfluorobutadiene CH3-CF~,--CF=CF--CF2--Mn(CO)5 was 
obtained, which isomerized to CH3--(CF2) 2--CF=CF--Mn(CO) 5 on stand- 
ing in solution 121). 

Irradiation of trans-[P(C2Hs)3]~.PtC1H and CFa--C--=CH produced 
cis_[P(C2Hs)3]2PtC1--C(CF3)=CH2 213) Elimination of C~H4 from 
-C0-C2H5 in ethyl-cobalamine and the (intermediate) formation of 
-Co--H can be looked upon as the reversal of this type of reaction 4o2). 

Isobutylene trimers are formed in the irradiation of ~-2-methallyl- 
iron tricarbonyl bromide and of trimethylenemethyl iron tricarbonyl 
in the presence of isobutylene and t-butyl bromide. The same trimers 
are obtained photochemically from t-butyl bromide and Fe(CO)5. The 
following scheme has been proposed for this reaction 284): 
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(CH3)3CB r + Fe(CO) 5 h~ , Fe(CO) 4 

H-Fe (CO)3 
l 

Br 

[ -H 2 

Br - Fe (C(9) 3 

2 
Br-Fe(COh 

-•= 
H\ 1 Fe~:Br2(CO) 6 ~/Fo(co), --~ + 

�89 CO 

h, > ~ C O )  �9 hv  
3 

h, 1 @ Br 

+ Br _Fe~(CO)3 
i 

>=I h. 

Fe(CO)3 / 
Br 

Br-Fe (CO)3 

b) Insertion (and Elimination) of CO: Several incidental observations 
of photochemical CO insertion have been reported, so for (C~Hs)Fe(CO)- 
P(C6H~)~R-*-(CsHs)Fe(CO)P(C6Hs)3--COR 37,346,509) (see also 38,113, 
n4,34s) and section H3  for additional examples). 

Actually, the reverse reaction seems to be the preferred one: 

h v  
R--CO--Fe(CO)s(C5Hs) ) R--Fc(CO)~(CsHs) n uCO 

R = C F a ,  C2F5, CaFT, CH3, C6H5, - C H = C H 2  ~Ta) 

I t  appears very probable that  the CO expelled is one of the metal  
bonded ones and not that  from the acyl group. That  means this reaction 
can be looked upon as an internal substitution. 
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Expulsion of CO from (CsHs)3PMo(CO)2(CsH5)-COCH3 has been 
reported recently 67~. Expulsion of SO2 from (CO)5Mn--SO~-CHs-C6H5 
was not achieved 214). 

Elimination of the phenyl group results from illumination of 
(CsHs)Fe(CO) [P(OCsHs) 3]C6H5 producing{(CsHs)Fe(CO) [P(0CsH5)3]}z 
351). 

H. Photochemica l  Cycloaddi t ion Reactions of Olefin 
and  Acetylene Complexes 

1. Intermolecular Cycloaddition Reactions 

Irradiation of Fe(CO)5 in the presence of norbornadiene affords three 
major products: norbornadiene iron tricarbonyl (see section E3), 
dimeric norbornadiene and a ketonic compound 3~1). 

The dimerization of norbornadiene can be brought about photo- 
chemically with Fe(CO)5 or in the dark with Fe2(CO)9. Possibly, the 
photochemical part of the reaction consists merely in the formation of 
the Fe(CO)4 species 64,809). Detailed investigations have shown that 
several saturated and unsaturated dimers are formed, e.g. 

The structural isomers obtained according to different methods have 
been surveyed 19,258,404). 

A thorough study of the photochemical dimerization of norbornadiene 
with a variety of transition metal carbonyl compounds has revealed 
some systematic effect of the nature of the transition metal involved on 
the stereospecifity of the dimerization observed, which is increased going 
from left to right across the transition metal series 571). 

Lz(M)x(CO)y + /~ --~ 
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exo- t r a l l s - exo  exo - t r ans -endo  endo- t rans -endo  

Cr(CO) 6 1,8 
R--C6HsCr(CO) 3 

butadiene-Fe(CO) 3 1,4 
2, 3-dimethylbutadiene-Fe (CO) a 
1,1'-dicyclohexenyl-Fe(CO) a 
1,4-diphenylbutadiene-Fe (CO) 3 

Fe(CO) 2(NO) 2 1 
[(C6H 5) 3]PFe(CO)(NO) 2 

Co(CO) sNO 1 
[(C6H ~) 3P]Co(CO) ~(NO) 
[(C6H s) 3P] ~Co(CO) (NO) 

[(CsHs) aP] 2Ni(CO) ~ 1 

1,4 

1 

t r a ce s  t r aces  

t r ace s  t r accs  

t r aces  t races  

In the case of the chromium carbonyl compounds the intermediacy 
of norbornadiene-Cr(CO)4 has been demonstrated. 1,4-diphenylbuta- 
diene-Fe(CO)s and [(CaHs)aPJ2Ni(CO)2 have been recovered to > 9 0 %  
showing their catalytic function. UV irradiation of norbomadiene in the 
presence of Ni(CO)4 gives the following product resulting from a formal 
(2 + 2 + 2) cycloaddition reaction a71): 

Photochemical dimerization of norbornene to (22) (97%) and (23) 
(3%) is achieved in the presence of catalytic amounts of copper(I) halides, 
due to the formation of a complex (CTH10)n(CuX)n which absorbs 
strongly at 41800 cm -1 a0~,50s). 

(22) (2S) 

Dimeric norbornene is formed with a quantum yield of ~ 0.1. The 
concentration dependence of the quantum yield is in accord with the 
interaction of two ground-state norbornene molecules with the excited 
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complex to yield the dimer. "This may  be reconciled in terms of a new 
transient complex, existing only in the excited state, which comprises 
three olefms coordinated to a single cuprous halide" 507). 

Possible details of this mechanism could be pictured as follows 2s2) : 

' " , ( 2 2 )  "Cu +. 

/ (24) ~'CuX 

Nucleophilic attack of a ground-state olefm on the (CT) excited complex 
leads to a a-bonded intermediate (24), which with a second ground- 
state olefin as "activating ligand" 221) is converted to (22) and a 
ground state complex molecule. The inspection of molecular models 
shows no detectable steric hindrance for a trans-exo approach of nor- 
bornene towards the exo-coordinated 22~ norbornene-CuX leading to 
(24). A cis-approach appears extremely unlikely for steric reasons. The 
trans-endo approach has to overcome some steric interaction, in agree- 
ment therewith only 3~'o (23) is observed besides (22). 

The foUowing arguments can be advanced for the stepwise bond 
formation via (24), which contradicts the concept of "~-complex multi- 
cen te r  processes" 404) : 

a) (25) is formed in the photochemical reaction of Fe(CO)5 with 
tetrafluoro-ethylene 150~. 

C F ~ - - C F a , ,  C~ F2_CF2~Fe(CO)4 (25) 

b) (26) has been isolated from the reaction of iron carbonyls with 
dipbenyl acetylene ~40~. 

1% 1% 

(CO)3F~ 
Fe(CO)3 

Decafluorotolan yields the corresponding complex on illumination in 
the presence of Fe(CO) 5 577~. 
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c) Cyclobutene-(S.4)-dimethyl-dicarboxylate forms (27) with Fe(CO) 4, 
which is converted to (28) using CO or P(C6Hs) 3 as activating ligand ~.oz, 
285). 

1,0~ C~ OR 
OC....'~.CO ~ 0 COOR 
~...~,o ~ / / " .  o ~  H 

,oo  f:Loo. . o  . 

"\ t. V ' "  ~_ V_---U'" o ~  ~ 

H H 

(2z) (28) 

Two Fe(CO)3 complexes of dimeric cyclooctatetraenes (29 and 30) 
are formed by irradiation of cyclooctatetraene iron tricarbonyl in the 
presence of free cyclooctatetraene, posing a formidable problem with 
respect to the mechanism of this cycloaddition reaction 244,403,407,410). 

(co)~[~[~ 
Fe(CO)s 

(29) (30) 

The catalytic dimerization at ~ 100 ~ of butadiene (and isoprene) 
with dicarbonyldinitrosyliron and dicarbonylnitrosyl(n-allyl)iron [1--2 
wt. %] to 4-vinylcyclohex-l-ene (CHs-substituted vinylcyclohexenes) 
can be carried out photochemically at --10 ~ to 25 ~ It has been 
suggested, that intermediates formed by UV decomposition of the 
complexes may be the active catalysts, and that these intermediates 
could be the same as those produced thermally. ~-Allyl iron tricarbonyl 
iodide was found to be ineffective as a thermal dimerization catalyst 90). 
However, ~-methallyl iron tricarbonyl bromide has been shown to be 
effective in the trimerization of isobutylene 2s4) [see section G2 a]. 

Photochemical dimerization of perfluorobut-2-yne with (CHs)3Sn- 
Mn(CO)5 affords (31) G~). 

{CH3)3Sn Mn{CO) s 
F~C-~CFa 

F3C CF~ 
(SO 
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Cycloaddition reactions with cyclobutadiene 51a), trimethylene- 
methyl 131), and benzyne 187~ can be accomplished by photolysis of 
complexes containing the coordinated species or its precursor. 

COOCHs 
I COOCHs ~_ C h~ 

Fe (CO) 3 + Ill > 17% 
C ~ "COOCH s 
I 
CooCH 3 

CH2 
�9 A--Fe(CO)3 + 

H2 C'/" '~-CH 2 

CH2 
~Fe (CO)3 + C h. 

H2C" CH 2 

CH2 s r r 
. . ~ - - F e ( C O ) 3  h, > + + 

H2C "~ -'~" CH2 0 

N"I~ ** p (CsH5) 3 h, 

t "  p(C~Hs)3 + ~ :* 

etc, 

2. Intramolecular Cycloaddition Reactions 

cis,cis-l.5-Cyclooctadiene yields ~ 28% tricyclo-[3.3.0.02-6]-octane (32) 
on illumination (in ether) with 254 nm in the presence of Cu2X2 
(Rh2C12 gives different products) 4al,433). 

. Cu2X2 
(32) (33) 

Using deuterated cyclooctadiene it has been demonstrated that no 
hydrogen abstraction is involved. The reaction has to be considered as an 
intramolecular process ~.12) and not as a free radical reaction 9.6). 

Decomposition of the Cu2X2 complexes left as residues from such 
illuminations produced cis,cis-l.5-cyclooctadiene, cis,trans-l.5-cycloocta- 
diene, and small amounts of trans,trans-l.S-cyclooctadiene (33). (33) 
gives (32) on illumination 522). However, is it not yet clear whether free 
(33) is formed in cyclooctadiene photolysis, and then undergoes rear- 
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rangement to (32) due to its intense absorption at 40700 cm -1 (e ~ 1500) 
[caused by the proximity of the ~-orbitals]. Cis, anti, cis-tricyclo- 
[3.3.0.02.4]-octane has been reported as an additional product (~ 10% 
yield) from the illumination of cis, cis-l,5-cyclooctadiene and cyprous 
chloride 57~). 

Cu2X2 increases the yield of bicyclobutane (34) in the solution 
photolysis of butadiene 432). 

[] 
Cu2X2 ]' t 

5 -6% 3o% 
(34) 

Another type of cyclooctadiene rearrangement is observed with a 
palladium complex i0): 

H J OAc 

3. Cycloaddition with CO-Insertion 

In many cycloaddition reactions brought about with metal carbonyls, 
insertion of CO is observed. The probable mechanism of such reactions 
has already been depicted with the transformation (27)--,-(28) (see 
section H 1). 

The ketone obtained by Patit $71) from the illumination of Fe(CO)5 
and norbornadiene has the exo-trans-exo structure (35) 198). 

O 

(35) 

A unique synthesis of duroquinone results from the photoreaction 
of but-2-yne and Fe(CO)5 437): 

0 

2 CH3-C~-C-CI-I s + Fe(CO) s h, ~ H 3 C ~ F e ( C O ) s  
HsC" ~ "CH3 

O 

Other quinones can be produced by similar reactions. 
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The formation of cyclopentadienone complexes is a general pheno- 
menon in photoreactions of acetylenes and metal  carbonyls compounds 
240,319,411,480) e.g. 

2 CsHs-C=C-CsH5 + Fe(CO)5 

Fe(CO~ 

h, > H5C6~--~  C6H6 

H5C6" ~ "C6Hs 
O 

+ CO 

Compounds like (26) appear  to be intermediates in this reaction. 

4. Application of the Woodward-Hoffmann-Rules to Photochemical 
Reactions of Transition Metal Complexes, in particular to Cycloaddition 
Reactions 

I t  has become clear from the Woodward-Hoffmann-rules how "orbital  
symmet ry  controles in an easily discernible manner  the feasibility and 
stereochemical consequences of every concerted reaction" 239>. For 
cyeloaddition reactions of a m-~r-electron system to a n-rr-electron 
molecule the following stereochemical selection rules have been estab- 
hshed (q = 0,1,2 . . . .  ) : 

m + n  allowed allowed 
thermal photochemical 
cycloaddition cycloaddition 

4 q cis-trans cis-cis 
trans-cis trans-trans 

4 q + 2 cis-cis cis-trans 
trans-trans trans-cis 

These rules s tate  which cycloaddition reactions are allowed to 
proceed in a concerted (one step) fashion and which are not ;  e.g. a 
thermal  cis-cis 2 ~r + 2 ~r cycloaddition reaction (cyclobutane formation) 
is forbidden as a concerted process. The rules do not state tha t  every 
symmet ry  allowed reaction has to proceed in a concerted fashion. I f  a 
reaction can occur by  two pathways  (concerted or disconcerted), then, 
other factors being equal, the allowed pa thway will have the lower activa- 
tion energy 521). 

An enormous wealth of experimental  facts demonstrates how strictly 
these rules are followed. 
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Many symmetry forbidden reactions (e.g. 2 ~ + 2 ~ cycloaddition), 
which can not be carried out thermally, occur under mild conditions in 
the presence of a suitable transition metal complex. It  has been argued 
that  this might be due to the presence in the complexes of occupied 
molecular orbitals with symmetries that  make these reactions allowed 
concerted electrocyclic processes which proceed in a stereospecific 
m a n n e r  317,325,517). 

Recently, some doubt has been raised as to whether these reactions 
involving metal complexes really are concerted electrocyclic reactions, 
since products and intermediates have been observed "which have no 
place in the previous mechanistic scheme" 258) [see also the discussion 
of the norbornene dimerization in section H 1]. 

I t  may very well turn out that  electrocyclic reactions with transition 
metal complexes containing metal carbon bonds actually proceed as a 
sequence of several discrete steps, involving mutual changes from 0- to 
~z-bonding ~.21). The steps of such reactions can be stereoelectronically 
controlled in accord with the Woodward-Hoffmann rules, as shown by 
recent SCCC--MO calculations of nickel catalyzed cycloaddition reac- 
tions 505,506), e.g. : 

N i[ A 1 
Obviously, the appropriate application of the Woodward-Hoffmann 

rules to transition metal complex reactions involving metal carbon bonds 
requires information about the mechanistic and stereochemical details 
which is not easy to come by and definitely not yet sufficiently available 
for photochemical cycloaddition reactions of complexed olefinic systems. 

However, for such well-known reactions 45) as positional isomerization 
and bimolecular substitution in simple square planar coordination com- 
pounds, very recently promissing attempts have been reported to derive 
selection rules on the basis of the orbital symmetry conservation prin- 
ciple 189) and state correlation diagrams 521); e.g. the cis-trans isomeriza- 
tion of square planar complexes has been predicted as a thermally for- 
bidden and photochemically allowed process, in accordance with experi- 
ments 28,31,3~0) [see also section F 1]. 

I. Photopolymerization with Metal Carbonyls 

Polymerization of methyl methacrylate (MMA) is brought about at 
room temperature by irradiation in the presence of Fe(CO)5 and organic 
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halides ~89). Addition of the halogen component in the dark to the 
irradiated MMA--Fe(CO)5 mixture causes polymerization, too. In the 
latter case, CO set free in the course of the reaction causes simultaneous 
foaming of the polymer, yielding products with density <0.2.  

Irradiation of Fe(CO)5 in MMA is known to produce MMA-Fe(CO)4 
20s) whose reaction with organic halides (e.g. CC14) has been shown to 
initiate the polymerization 2s9,291,~.05,299). 

The attack of, e.g. CHBr3, can be envisaged as follows: 

HX,xc/H 
/col4re..-I] + CHBr~-~(CO)4F~CBr~+ CH~=C~ c~176 

C --Br CHa 
H3C / ~COOCH~ 

(z6) 

Replacement of the olefinic ligand yields dibromomethyl iron tetra- 
carbonyl bromide. This type of reaction has been directly observed in the 
following system 2s2) : 

H\c/CI 
/CBr2H 

(CO)4Fe... II + CHBr3-+(CO)4Fe(,, +CHCI~CHC1 

H / % C  1 --Br 

(s6) 

(36) (see also section E. 7) is an effective polymerization catalyst ~ag). 
One could imagine (36) producing free radicals according to Eq. (39) 
as the polymerization initiating species: 

/CBr2H 
(CO)4Fe~B r\ + Cl-IBra-~FeBr2 + 4 CO+2 �9 CHBr2 (a9) 

However, nucleophilic attack of MMA on (36) [Eq. (40)], as well as 
the attack of CHBr3 on MMA. Fe(CO)4, could yield (37), which (as a 
typical intermediate of transition metal catalyzed polymerization reac- 
tions lO7)) should undergo insertion of the coordinated C=C group into 
the Fe--CHBr~ a-bond [Eq. (41)] and polymerize MMA. 

HBr2C 
/CBr2H /COOCH3 ] H~cz/H 

(CO) 4F% + CH2=C% -+ (CO)3Fe . . . . . . . . .  I] +CO (40) 

Br CH~ Br I H~c/C"coocH~ 
(sT) 
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Br Br [ ] 
I I I ~ . .  I /C- -C--CHBr~ 

(37) -~ (CO)aFe--C--C--CHBr21 I , (co)3Fe/I....... I I -~ 

_ C  f C -  
I 

Br 

I I I 
(CO)aFe-- (C--C) ~--CHBr2 etc. (41) 

I I 
Bamford, who extensively investigated the kinetics of the thermal 

MMA polymerization with metal carbonyls and organic halldes 5s%sss), 
recently advanced the following free radical mechanism for the photo- 
polymerization of MMA with Mn2(C0)10 and CCla 32,34): 

metal carbonyl , ) F 

F + CCl4 �9 (I) 
(I) , �9 �9 COla 

(I) + F ~. inactive products 

Possibly, a transition metal catalyzed polymerization reaction as 
outlined above could also fit the kinetic data. 

Strohmeier has shown that, with a variety of metal carbonyls and 
organic halides, not only MMA adz,46a) but also vinyl chloride [stereo- 
specific !] 445,446,44~) can be photopolymerized. 

The photodegradation product of Mn2(CO) 10 in propylene oxide was 
found to be a stereospecific catalyst for the thermal polymerization of 
propylene oxide 448,449,452,453). 

Electric discharge can be used instead of light to activate M(CO)m 
and CX4 systems in MMA polymerization 454). 

Networks are formed by irradiation of Mn2(CO)lo in MMA if poly- 
(vinyl trichloroacetate) is used as a polyfunctional halide 32). 

J. Synthesis of Olefin Metal Complexes 

A versatile method for the preparation of olefm metal complexes has 
been developed by E. O. Fischer and his coworkers: a Grignard reagent 
(preferably isopropyl magnesium bromide) is reacted with a mixture 
of a transition metal halide and an olefin in ether. Subsequent irradiation 
increases the yield and accelerates the formation of the corresponding 
metal complexes. 

MC1 x + x i-Call 7MgBr + n olefin �9 M(olefin)n + x/2 Calls + x]2 Call6 + x MgBrC1 
ether 
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The mechanism of this reaction has not been as yet completely es- 
tablished. Obviously, metal alkyls formed initially, are decomposed (by 
illumination) to coordinatively unsaturated species (possibly via metal 
hydride intermediates), which then form the olefin complexes. The known 
539) Ni(1.5-cyclooctadiene)2 is obtained from NiC12, i-C3HTMgBr and 
1.5-cyclooctadiene 38o). The corresponding reaction with azulene and 
FeCI3 yields Fe(azulene)2 16a): 

Fe 

Oxidative work-up of the reaction of COC12, RhCI3 and IrC18 with 
6.6-diphenyl fulvene 159,161) and Grignard reagent produces the com- 
plexes (38) ; with 6.6-dimethyl fulvene (39) is obtained 159). 

HsC6 �9 

HsC , . ,  

M 

~ CsHs 

CoH5 
M = Co, Rh, Ir  

(ss) 

PF6 ~ 
? C H ( C H 3  h ]pF6  e 

~ - C H ( C H  3 h 

M = Co, Rh 

(S9) 

The preparation of complexes containing two different olefins can be 
accomplished by the following methods: 

a) by reacting MClx with a mixture of two olefins 

MClz product Ref. 

RuC13 (1.3.5-cyclooctatriene)Ru (1.5-cyclooctadiene) 165) 

FeC1 s (1.3.5-cycloheptatriene) Fe (1.3-cyclohcptadiene) 168) 

FeC13 (1.3.5-cyclooctatriene) Fe (1.5-cyclooctadiene) 167) 
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b) by reacting an olefin metal halide in the presence of another olefin 

Olefin metal halide product ReL 

(1.5-cyclooctadiene) PtCI~. 

(1.5-cyclooctadiene) RuC1 

(1.5-cyclooetadierte) RuC1 z 

CsHsCrCI~ �9 T H F  

CsHsCrCls �9 T H F  

(1.5-cyelooctadiene) zPt an6) 

(l.5-cyclooctadiene) Ru- 337) 
(l.3.S-cycloheptatriene) 

(1.5-eyclooctadiene) Ru- 337) 
( 1.3,5 -cyclooctatriene) 

CsHsCr(1.3.S-cycloheptatriene) 16a) 

C~HsCr(l.3.S-eyclooetatriene) le0) 

(1.5-cyclooctadiene)Pt(i-CsHT) 2 has been isolated from the reaction 
of (1.5-cyclooctadiene)PtC12 with (i--CsH7)MgBr, and was converted 
to (1.3-cyclooctadiene)zPt by irradiation in the presence of 1.5-cyclo- 
octadiene 336). The attempted photochemical transformation of (nor- 
bornadiene)Pt(i--CsH7) 2 to (norbornadiene) 2Pt failed 33~). 

H2 is eliminated in several reactions with 1.3-cyclohexadiene: 

MC13+3 i-C3HTMgBr+2 1.3-C6H8 ~ (CoHe)M(1.3-CeHs) +H2-+-3/2  Calls 
ether 

+ 3/2 Call o 
M~lCi'e 171), Rl l ,  Os 165) 

Dibenzene chromium is formed in the corresponding reaction of 
1.3-C6H8 with CrC13 zT~). (1.5-cyclooctadiene)RuCl~ yields a mixture 
of (1.5-cyclooctadiene)Ru(C6H6) and [by ligand exchange] (1.3-Cells) 
Ru(C6H6) in the reaction with 1.3-C6Hs and Grignard reagent 887). 

(C6He)Ru(1.3-C6Hs) results from (norbornadiene)RuCls and 1.3- 
C oH s a a 7). (1.5_cyclooctadiene) Fe (1.3.5-cyclooctatriene) mentioned above 
can also be prepared under concomitant dehydrogenation from 1.$- 
cyclooctadiene, FeC18 and i-CsH?MgBr 16~). 

(dO) results from CrC18, i-CsHv MgBr and azulene z68). 

(4o) 
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Simultaneous hydrogenation and dehydrogenation occur in the reac- 
tion of cycloheptatriene with CrCls yielding (1.3.5-cycloheptatrienyl)- 
Cr(1.3-cycloheptadiene) 158). 

Bonding of both valence tautomers of cyclooctatriene has been 
reported for (1.3.5-cyclooctatriene)Fe(bicyclo[4.2.0]octa-2.4-diene) and 
the corresponding Ru complex 3s7). 

The diversity of the complexes described reflects the versatility of 
the isopropyl Grignard method. 

The preparation of PtClu(CH--CH-CN)s from CHs=CH-CN and 
triethylammonium chloroplatinate(II) may illustrate a different method 
for the photochemical synthesis of olefin metal complexes sos). 

K. Photochemistry of Ferrocene 

Despite the enormous interest in the chemistry of ferrocene 387) re- 
ports on photochemical studies are relatively scarce. This is all the more 
surprising as there is plenty of information about spectral data (section B), 
and the ferrocenes are very stable compounds and easily handled. 

1. Photochemical Degradation of Ferrocenes 

Solutions of ferrocene in cyclohexene, acetone, and 2-propanol 301) as 
well as in decalin, methanol, and 1-propanol s01) remain unchanged on 
irradiation. A photoreaction is observed with CC14, CBr4, CHC18, CH2C12, 
CClsC00H etc. as discussed in the next section. 

Substituted ferrocenes display a markedly increased photosensitiv- 
ity: 1.1'-dibenzoylferrocene decomposes or shows colour changes on 
irradiation in alcohols, ethers, esters, acetone, acetonitrile, pyridine, 
dimethylsulfoxide etc. 501). The products of these reactions have not 
been investigated. 

An interesting reaction for the preparation of trialkylammonium 
cyclopentadienylides is the photolysis of trialkylferrocenyl ammonium 
hydroxide 847,355) : 

~9 
~'-NR3 

Fe h~ �9 ~_ �9 NR3 Na B(C6H~) 4 * 

CH~COOH O~R~ [B(CGHs)4] e 

R= CH 3, C2Hs,-CH~. ~ 

-CH 2" 
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A similar reaction is observed with " " 357) ~-pyridylferrocene methlodlde 
and a-quinolylferrocene methiodide 355) in alkaline solution: 

Fe CH3 
h~, I 

' CH3 

! 

C H  3 

+�9 

CsHsFe CsH4-CH=CH- ~ 
I 
CH3 

and 

CsHsFe C s H 4 - ~ ' I (  Ctts }s 

show analogous reactions 3 4 7 )  

Dimeric cyclopentadiene carboxylic acid results from the photolysis 
of ferrocene-l.l '-dicarboxylic acid in alkaline solution 353). Ferrocene- 
1. l'-disulfonic acid forms (via its iron salt) [(C5H5SO3)2Fe]x on irradia- 
tion in water 355). 

The decomposition of ferrocenyl amines in oxalic acid solution gives 
iron oxalate 356). 

All reactions reported by Nesmeyanov and his coworkers 347,853,355, 
356,357) can be explained by nucleophilic displacement reactions facili- 
tated by a M-,-MR= transition (see section B). 

2. Photoreaction of Ferrocenes with Organic Halides 

Solutions of ferrocene (Fn) in CC14 show a new band in the electronic 
spectrum due to charge transfer to the solvent 7m [see section B]. 

/19 
(CsHs)~Fe + CC14 ) [(CsHs)~Fe]+CI-+ �9 CCla (42) 

Irradiation into this transition causes the almost quantitative forma- 
tion of ferricenium tetrachloroferrate [(CsHs)2Fe]+[FeC14]- 296,301). 
This product can also be obtained radiation-chemically from Fn and 
CC14 294,299,300,301) [see section L2], by  reacting C12 with excess Fn 301, 
540), by treating Fn with FeC13 541), by heating Fn with hexachloro- 
cyclopentadiene to 90--120 ~ 542) or by  illuminating this mixture 4ao). 
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The corresponding tetrabromoferrate is produced in the irradiation of 
Fn and CBr4 ~96,299,300,301) or by  treating Fn with Br~ 540,54s). 

The structure of the ferricenium tetrachloroferrate has been a mat ter  
for discussion, since the Mdssbauer spectrum consisting of a singlet 544) 
and the IR data 542) lend support to (41). 

C5H5\ / C I \  /C1 

c12Fe%12Fe(x,  CsH5 

(41) 

However, a different interpretation of the IR data  has been proposed 
s45) and the quantitat ive reduction of Fn+FeCI~ to ferrocene appears 
incompatible with (,ti). 

Fn+FeCI~, produced from FeCI~ enriched with STFe and ferrocene 
with natural  57Fe content gave no ferrocene enriched in S7Fe 544). This 
observation as well as the 100% increase of Fn+ absorption by  adding 
Fn to Fn+FeC1] in methanol 2s2), and the absence of (R--C~H4)2 
Fe in the reduction of the photochemical reaction product of (CsHs)- 
Fe(CsH4-R)  with CC14, are unequivocal evidence for the Fn+FeCI~ 
structure 2s2). 

The mechanism of the photochemical production of Fn+FeX~ from 
CC14, CBr4, C2C16, CCI3COOH 29s,301) and CsCls 430) in high yields is 
not yet quite clear with respect to the formation of FeX~ from Fn +. The 
known high susceptibility of Fn+ (as compared with Fn) towards free 
radical at tack 540 allows the assumption, that  the reaction [Eq. (43)] 
could be responsible for the FeX3 formation. 

Fn+X- + n. CX3-~FeX3 + products (43) 

However, photoreactions of Fn + according to Eq. (44 and 45) cannot 
be ruled out and would perhaps explain the low quantum field of N 0.01 
for the formation of Fn+FeCI~ sol). 

h~ 
{C5tI5)2Fc+CI-+2 CCI 4 ) FeC13+2 C5H5CC13 (44) 

h~ 
2 (CsH5)2Fe+CI - �9 (CsHs)2Fe+FeC12+2 �9 C5H5 (45) 

I t  was demonstrated 2s2) tha t  the equilibrium [Eq. (46)] is shifted 
to the left if Fn+FeCI~ is soluble in the system and no Fe 3+ is detected. 
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If Fn+FeCI~ precipitates, no Fe 2+ is detected in the presence of excess 
Fn+C1 - (in benzene, CC14), see [Eq. (47)]. 

(CsHs) 2Fe+C1 - + FeC12 ~ FeC13 + (CsHs) 2Fe (46) 

(CsHs) 2Fe+C1 - + FeCI3 ~ [(CsH5) 2Fe]+[FeC14]- (47) 

Solutions of Fn+FeX4 react with ferrocene according to [Eq. (48)] 2s2) 

Fn+FeX~ + Fn--~2 Fn+X - + FeX2 (4s) 

Fn+FeX] is reduced photochemically in CH30H according to Eq. (49) 
282,296). 

Fn+FeX~+2 R - - H  , Fn+FeX2+2 H--X+2 �9 R (49) 

In CC14/CH30H mixtures this reaction can be combined with Eq. 
(42) thus providing a simple source of free radicals, which can be useful 
for the photopolymerization of vinyl monomers 29s). 

Substituted ferricenium tetrachloroferrates have been obtained 
photochemically from 1. l '-dimethyl-ferrocene and 1. l '-di-t-butyl-ferro- 
cene with CC14 2 s 2) and from 1. l '-bis (triphenylsilyl) ferrocene with C 5C1 s 
430). 

Mixtures of ferrocene and organic halides have been claimed as a 
material for photocopying in a patent  856) based on 29e). 

A few remarks on photoreactions of the bis-arene chromium(I) 
cation, which is isoelectronic with Fn+, appear appropriate in this 
connexion. 

Photolysis of [(C6H6)~Cr] + in water has been proposed 895) to proceed 
according to [Eq. (50)]. 

hr vrto ) '  
[(C6He)=Cr]+ ~ 2 C6H6+Cr + Cry+.+2 e- (50) 

Disproportionation of the bis(biphenyl) chromium cation is observed 
in the photoreaction with dipyridyl (Dipy.) in water or methanol 223): 

2 [(CnHs--CeHs)2Cr]+CI-+ 3 Dipy. 
h~ 

) (CsHs--C~Hs)2Cr + 2 C6Hs--C6H5 

[Cr(Dipy.) 3] 2+C1~- 

The photoreaction without additives is analogous: 

2 [(C6H5--CBHs) 2Cr]+C1 - 
h~ 

) 
~,0 

(C6I-I5--CEH5) 2Cr -I- CrC12 -{- 2 CsH5--C6H5 
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The ratio of (CsHs-C6Hs)2Cr to "naked" chromium ions is 1.38 in 
this case, showing some contribution of reaction [Eq. (51)] : 

[(C6H5--C6Hs) 2Cr] + + Cr2+--* (C6Hs--CsH5) ~Cr + Cr a+ (51) 

3. Photoreactions of Substituted Ferrocenes Involving the Substituents 

The photorearrangement of phenylferrocenoate (Photo-Fries reaction) 
[Eq. (52)] has been reported 151). 

CsHsFe CsH4COOCsH 5 , C5HsFe C5/-14-CO OH (52) 

No ortho product is observed. If the para position is blocked with a 
methyl group the only identified products are ferrocenoic acid and p- 
tolyl-ferrocene. 

CsH5FeCsH4-CH(R)--CH2--CO-C~H5 (R=C6Hs,  cyclohexyl) is 
converted to benzoyl ferrocene on irradiation 71). 

Permanent images can be produced by irradiation of cinnamoyl 
ferrocene (and substitution products thereof) on a photographic support. 
An insoluble yellow compound is formed in the areas of exposure, which 
remains after t leatment with a solvent (dissolving the unreacted starting 
material). Iodoform is a sensitizer of this reaction 1as). 

The tosylhydrazone of x-keto-l.l '-trimethylene ferrocene failed to 
give any well-defined product on irradiation in the presence of sodium 
methoxide, while heating produced the starting ketone and the a-me- 
thoxy compound 16). 

Photolysis of ferrocenylsulfonyl azide (42) in benzene gives the novel 
ferrocenophane-thiazine-l,l-dioxide (44) as the main product (67%) 
and some (14%) ferrocenyl sulfonamide (45). No (44) is detected in the 
corresponding thermal reaction, however, (45) becomes the major prod- 
uct. The multiplicity of the intermediate ferrocenylsulfonyl nitrene (d3) 
has not yet been clarified 565). 

(42) (43) (44) (45) 
a) R = H  
b )  R = C H  a 
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4. Photosensitization with Ferrocene 

Dannenberg and Richards were the first to report photosensitization with 
ferrocene of cis-trans isomerization of piperylene as well as of its dimeriza- 
tion lzs,lzg}. In benzene solution ferrocene behaved like a high-energy 
triplet sensitizer: the photostationary state of the cis-trans isomerization 
contained 54--55% trans-piperylene, and the dimers were composed of 
92% cyclobutanes and cyclooctadienes and of 8% cyclohexenes. Excita- 
tion of the long wavelength absorption was ineffective, at least the 324nm 
transition had to be excited. On the basis of non-additive electronic 
absorption data of ferrocene-piperylene mixtures (only at <300  nm) 
and on the observation of a NMR shift of the piperylene methyl doublet 
on addition of ferrocene (in CC14) a mechanism involving a ferrocene- 
piperylene complex was proposed for the energy transfer 129~ : 

ferrocene --1- diene ~ complex (53) 
hi, 

complex > complexSr, (54) 

complexSn ~, ferroceneTn + dieneTn (55) 

dierteTn �9 dieneT1 (56) 

dieneT1 �9 products (57) 

A detailed discussion of other mechanistic possibilities is given in 128). 
However, it was pointed out by  another group 2o3) that  reaction 

[Eq. (55)] would require the lowest ferrocene triplet to be ~ 32 kcal/mole 
[excitational energy of 313 n m =  91.2 kcal/mole; lowest triplet state of 
trans-piperylene = 58.8 kcal/mole], a figure not in accord with the actual 
value of 40.5 kcal/mole [in ethanol] 419). These workers were unable to 
detect any ferrocene-piperylene complex by NMR, but  observed small 
shifts in the electronic spectra below 310 nm. Therefore, possible transi- 
tions of such a complex must be isoenergetic with those of ferrocene at 
>310  rim. The conclusion was reached 2o3), that  "if an appreciable 
amount of complex is formed, the energy-transfer mechanism may be 
one where the complex in its singlet state (isoenergetic with ferrocene's 
1Elg+state) intersystem-crosses to its triplet state (ferrocene's 3Elg+ 
state) and then dissociates to ferrocene in its ground-state and to a 
triplet piperylene which isomerizes". 

This mechanism corresponds to one considered earlier by  Dann,n- 
berg 128). The consideration of a simple triplet energy transfer from the 
ferrocene T2 (54 kcal/mole) [see section B] to piperylene IT1 = 56.9 for 
the cis isomer and 58.8 kcal/mole for the trans isomer] has been rejected, 
since ferrocene was thought to behave like a high-energy sensitizer 
12s.129). However, in trans-l.2-dimethylcyclohexane it was shown to 
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be a low-energy sensitizer and the quantum yield for photosensitized 
cis-trans isomerization of piperylene was found to be 2.6.10 -3 at 313 nm 
203). 

Ferrocene is a very efficient triplet quencher, its quenching constants 
showing practically no difference for triplets between 66.6 (triphenylene) 
and 42.6 kcal]mole (anthracene) 185). Two conclusions are possible: 
either energy is transferred to ferrocene T1 (40.5 kcal/mole) or the 
quenching does not involve energy-transfer at all, and weak electronic 
interaction on contact between ferrocene and the triplet molecule effects 
rapid intersystem crossing of the latter by spin-orbit coupling. 

Ferrocene does not affect the sensitized and the unsensitized photo- 
reaction of diazomethane with cyclohexene 520). 

L. Radiation Chemistry of Transit ion Metal Complexes  

"Radiation chemistry may be defined as the study of the chemical effects 
produced in a system by the absorption of ionizing radiation" 547). 

Absorption of y-rays in a system will cause the formation of fast 
electrons by Compton scattering, by pair production, and by photoelectric 
absorption. Therefore, looking upon chemical effects brought about by 
6- and ~,-rays we will have to consider similar primary processes. Differ- 
ences are mainly due to different absorption characteristics (half-thick- 
ness values) of organic matter for the 6- and T-rays 54s,549,562). 

The following interactions of electrons with matter can be visualized 
551) : 

Ionization: 

Electronic Excitation: 

M+e -~M++ e'+e" 
N + eslow-*- N -  

t a) opt ical ly  al lowed t rans i t ions :  M + ernst -~M s + e 
t b) opt ical ly  fo rb idden  t rans i t ions :  M + eslow-~M T + e 

c) h ighly  exc i ted  s t a t e s  by  cap-  
tu re  of subexc i ta t iona l  
e lec t rons :  IV[+ + e~u b -+M** 

The ions produced can undergo the following reactions: 

In t e r ac t i on  of charged  par t ic les :  M+ + N -  --~-M** + N** 

Ion  molecule  reac t ions :  M + -{- N L - ~ M N  + + L 

Charge t r ans fe r :  M + + N -~-M + N + 

Neu t ra l i za t ion :  M + + e -~M** 
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The final fate of ions in many instances is the formation of elec- 
tronically excited species. Therefore, similarities of radiation-chemically 
induced processes with those induced photochemically can be frequentIy 
expected. However, this point should be made with some "reservatio 
mentalis" only. 

One maior difference of photo- and radiation-chemical reactions is 
in the factors controlling energy absorption: the absorption of light is 
controlled by the Lambert-Beer law, whereas the absorption of ionizing 
radiation (in a crude approximation) depends on the electron density of 
a compound (i. e. on its electron fraction in a mixture). This means that  
in cases, where the high extinction coefficient of a colored product 
affects the possible degree of photochemical conversion or causes second- 
ary photochemical reactions (internal light filter), the application of 
ionizing radiation can be of preparative advantage. On the other side 
only a few radiation-chemical reactions can be expected to show the 
same selectivity as photochemical reactions very often do. However, 
appropriate energy transfer in radiation processes 550~ can provide 
interesting preparative possibilities, as has been shown, e. g. for cycloaddi- 
tion reactions in aromatic solvents 553). 

The range of electrons with energies < 100 eV in liquids or solids is 
relatively small and they will produce unusually high concentrations of 
excited or ionized species in a small cluster or "spur". Therefore, reactions 
are possible in these "spurs", which are usually very improbable and not 
observed e.g. in photochemical reactions. 

For detailed information about recent trends in radiation chemistry 
the reader is referred to 552). 

1. Radiation Chemistry of Metal Carbonyls 

Fe2(CO)9 and [Fe(CO)4]3 are formed in the 60Co-y-irradiation of neat 
Fe(CO)5 with G-values (number of formed or converted molecules per 
100 eV absorbed energy) of 6.7 and 1.65 48,4a). The same products are 
obtained in benzene and cyclohexane 43,297,299). Energy transfer from 
these solvents to Fe(CO)5 has been demonstrated 41,43}. The ratio 
GFea(CO)9 to G[Fe(CO)4]3 is 12.8 in cyclohexane (GiFe(CO)413=0.22) and 
152 in benzene (G[Fe(CO)4]3 = 0.028) for a solution of 0.2 mole/1 Fe(CO)5 
41). 

Charge transfer has been proposed for the energy transfer from cyclo- 
hexane ions to Fe(CO)5 yielding Fe~(CO)9, while in benzene excited 
solvent molecules have been considered for this process. 

The decrease of GFe~(co)9 in benzene in the presence of stilbene sug- 
gests that  benzene triplets are involved 41}. However, the known reac- 
t ivity of stilbene (and of the other additives studied, e.g. diethyl ether, 
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benzophenone) with iron carbonyls [see section E] complicates the 
interpretation of this effect. 

Ferroeene does not react with iron carbonyls under irradiation. Its 
low ionization potential [ ~ 7--7.5 eV ~sT) l and its high triplet quenching 
efficiency 185) would cause a strong decrease of GFe2(co)~ and G[•e(co)4]3 
if benzene triplets or any ions were involved in their formation. This 
is not the case. 0.54 mole/1 ferrocene causes G~e2(co)o to decrease by  
only 20%, and has no effect on G[Fe(CO)4]~ [0.21 mole Fe(CO)5]I ben- 
zene] 389). This observation suggests that  energy transfer from excited 
benzene singlets could play a role. 

The formation of [Fe(CO)4]s is obviously not due to ions, since N20, 
diethyl ether 41) and ferrocene do not decrease GtFe(eo)4h. No Fe2(CO)9 
is observed in the 6~ of Fe(CO)5 [0.84 mole/l] in neat 
Ni(CO)4, G[Fetco)4]3 is still ~ 1/3 of its value in benzene. The radiation- 
chemical precursor of Fe2(CO)9 appears to have the same properties as 
that  in its photochemical formation (see section C), and probably is 
Fe(CO)4. The formation of [Fe(CO)4]3 in a "spur" reaction [as suggested 
earlier 4~)] would appear to be the best explanation why it is still observed 
in Ni(CO) 4. 

Ni(CO)4 is not affected by intense 60Co-y-irradiation and can be 
looked upon as one of the most radiation stable compounds 44). A s tudy 
of the radiolysis of mixtures of cyclohexane and/or benzene and Ni(CO)4 
has demonstrated its protective properties. Probably, energy transfer 
to Ni(CO)4 and the reversible dissociation 

Ni(CO) 4--~ Ni (CO) 3 -}- CO--~ Ni(CO) 4 

provides a very efficient "energy sink" 42,43). 
60Co-y-irradiation of Fe(CO)5 in benzene in the presence of ~-donors 

produces the corresponding ~-donor iron tetracarbonyls 289,295,297,9.99, 
300). This is not very surprising, if the same transient, namely Fe(CO)4, 
results from Fe(CO) 5 by  illumination or ionizing irradiation. However, a 
comparison of the yields shows the interesting fact that  the selectivity 
appears to be very similar under both conditions ~s9,~97) : 

Complex Yield 1) 

hu S0Co-y 

(Maleic anhydride) Fe(CO) 4 52% 37% 
(Dimethyl fumarate)Fe(CO) 4 53% 61% 
(Vinyl acetate) Fe(CO)4 48% 46% 
(Methyl methacrylate)Fe(CO)4 57% 31% 

1) On the basis of CO formation. 
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Also the reduction of aromatic nitro compounds with Fe(CO)5 to 
complexes of the corresponding nitroso compounds (see section E9) can 
be brought about in good yields by 60Co-y-irradiation 200,~92,293). 

It appears worthwhile mentioning in this connexion, that the reaction 
of active nitrogen (produced by eleetrodeless discharge) with Ni(CO)4, 
l~e(CO) 5, Cr(CO) 6, W(CO) 6, Mn2(CO) 10 and Co(NO) (CO) 3 and the result- 
ing emission has been studied. Stepwise degradation according to 

M(CO)n + N-~M(CO)n-1 + NCO 

has been proposed 76). 

2. Radiation Chemistry of Ferrocene 

Ferrocene is very stable towards high-energy electron irradiation in the 
solid state ~04) : 

GH, : 0.01 

Ghydrocarbons : 0.004 

GtnorganleF e : 0.04 

Ferrocene exhibits a substantial protective effect (similar to that of 
naphthalene) in the 6oCo-y-irradiation of cyclohexane, Geyclohexene and 
Gdleyelo~exyl being reduced to ~50% by 0.1 mole/1 ferrocene ss). 
Ferricenium sulfate in water is reduced to ferrocene with GFn= 5.46 
[with exclusion of 02] 65). 

The radiation sensitivity of ferrocene in CC14 109,301) is due to the 
formation of chlorine atoms which produce ferricenium chloride. The 
latter is attacked by the irradiation products of CC14 and yields ferri- 
cenium tetrachloroferrate (see section K.2) as the final product 296,~99, 
300,301) and not ferricenium chloride 109). Fn+FeCI-~ precipitates and 
can be easily determined gravimetrically. GFn+FeC14 is independent 
of dose, dose-rate, and temperature and the system has been proposed 
for chemical dosimetry 294). For a detailed discussion of the mechanism 
and its possible implication on the determination of the radical yield 
from CC14, the reader is referred to 299). 

M. Synthesis  of Labe led  Metal  Carbonyls and Metal locenes  
b y  Nuc lea r  Processes 

The reviewers feel that it could be of interest for future developments 
of transition metal complex photochemistry and its possible application 
in biologically important systems to make use of labeled metals. Therefore, 
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a brief survey is given of the wealth of information available concerning 
the direct preparation of radioactive metal carbonyls and metallocenes 
by nuclear processes. The chemical reactions due to the Szilard-Chalmers 
effect 182) provide additional information about preferential cleavage 
reactions of these complexes. 

Thermal neutron irradiation [50Cr(n,~,)51Cr] of (CsH~)~.50Cr [12%] 
55,56), (CsHs)50Cr(CO)s [10%] 49,56), and 50Cr(C0)6 [60%] 56) gives the 
51Cr labeled parent compounds (retention) in reasonable or good yields 
[in square bracketts]. 13.5% 51Cr(CO)s and small amounts of 51Cr(CsH~)2 
were identified as by-products in the irradiation of 50Cr(C6Hc)(CO)a. 

21% 59Fe(CsH s)~. can be obtained from neutron irradiation of ferro- 
ccnc 498). 

7.6~ retention (5SMn) has been observed in the neutron irradiation 
of methylcyclopentadienyl manganese tricarbonyl; further products 
identified were CH35~M.n(CO) 5 and 56Mn2(CO) 10 115,253,434,5z8,530). 

The central metal in metal carbonyls and metallocenes can be sub- 
stituted by uranium fission products if intimate mixtures of Us0s and 
the complex are neutron irradiated. In this way lOaRu(CsHs)s has been 
obtained from Fe(CsHs)2, and 99M0(CO)6 from Cr(CO)s 48,53,54). 

Neutron capture and subsequent ~-emission convert an element into 
its next right neighbour in the periodic table. According to this principle 
the following conversions have been substantiated: 

I04Ru(CsH5) s .+I05Rh(CsHs) s 57) 

Mo(C6Hs) 2 _~. [99mTc(C6H6) ~.]+ sl,ss) 

[CsH5Mo (CO) a] s..~ CsH599mTc(CO) 3 50) 

U(CsH5) sX .~239Np(CsH5) 3X 47) 

N .  Conclus ions  

Photochemical methods are very useful for the synthesis of transition 
metal complexes, expecially of thermally sensitive compounds. 

The assumption of a free coordination site produced by dissociation 
of a metal-CO bond can explain many photoreactions of metal carbonyl 
compounds. 

Photoreactions of specific interest for the organic synthetic chemist 
are photochemical isomerization and addition (especially cycloaddition) 
reactions of coordinated organic systems. 

The metallocenes constitute an interesting class of compounds for 
the physical organic photochemist due to the diversity of excited states 
possible. 
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The applications of the described reactions in photopolymerization 
and optical fixation of information (e. g. photocopying, data processing) 
could be of industrial interest; in many of these reactions color changes 
are accompanied by changes in the electric properties of the material. 

To learn more about the factors governing the photochemical behav- 
iour of organic systems coordinated to transition metals systematic studies 
appear necessary, e.g. the comparison of olefin photochemistry with 
that of olefin metal complexes (e.g. see 428)). 

An impressive example of the possibilities of metal complex 
photochemistry is the substantiation of the critical step in corrin synthesis 
reported by Eschenmoser 145) : Ring closure is brought about by antara- 
facial cycloisomerization of a secocorrinoidic palladium complex by 
photochemical 1.16-hydrogen shift. 
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