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Flash photolysis of a series of 2-phenylindandione-l,3 derivatives substituted in the 4' position 
results in both the formation of stable benzylidenephthalides and of phenylindan-l,3-dion-2-yl 
radicals. The u. v. absorption maxima of these radicals are dependent on the solvent and show a 
bathochromic shift upon substitution. These substitution effects were correlated by means of a 
linear free energy relationship. Attempts were made to draw conclusions concerning the changes 
in the gap of the states involved and their curvature due to substitution. 

1. Introduction 

Free radicals derived f rom aryl indandiones are of 
significant importance in several processes of 
technological interest [1]. They may be fo rmed by 
chemical oxidation [2], photolysis of the correspond-
ing indandiones [3] or by photolysis [4], respectively 
thermolysis [5] of the 2-2 ' indandione dimer . 

In a previous study [6] it was found that upon u. v. 
i rradiation of derivatives of 2 -pheny l indand ione- l ,3 
in different solvents a cleavage of the H-a tom in 
2-position to both keto groups occurs, under fo rma-
tion of the corresponding radicals. These radicals 
react in almost d i f fus ion controlled d imer iza t ion 
reactions [4, 7], In addi t ion to this a photo isomer isa-
tion process to benzyl idenephthal ides is observed, 
most likely after bond splitting due to a "Nor r i sh 
type I" mechanism. Both processes are observed 
f rom the diketoform (in apolar solvents) as well as 
f rom the enolform (in alcohols) and f rom the 
enolate form (in alkaline water) with d i f fe ren t 
yields, however. 

The purpose of the present work was to inves-
tigate in more detail the occurrence of these pro-
cesses with a greater number of derivat ives of 
2-phenyl indandione- l ,3 and to pay special a t tent ion 
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to the spectroscopic propert ies of the radicals 
formed. In addi t ion to the reported solvent effects 
on the spectra of the 2- (4 ' -d imethylaminophenyl ) -
indan-l,3-dion-2-yl radical [5] and to the results 
concerning the substi tuent effects on the absorpt ion 
spectra for some derivatives [3] it was of par t icular 
interest to study also the substi tuent effects using a 
larger series of derivatives substituted in the 4'-posi-
tion. An at tempt has been made also to pe r fo rm 
a detailed analysis applying a linear free energy 
relationship [8], 

2. Experimental part 

The absorption spectra of the free radicals were 
taken by flash photolysis of the corresponding 
2-phenyl indandione derivatives in argon saturated 
solutions. A list of the compounds and references 
for their synthesis are given in Table 1. All sub-
stances purif ied by recrystallization and were found 
to be homogeneous in t.l.c. tests. Other chemicals 
were R .G. quality (E .Merck , Darmstadt ) . Water 
was distilled four times. Before use the solutions 
were deoxygenated by purging with argon. The 
flash photolysis exper iments were pe r fo rmed in-
dependently on two equipments (Applied Photo-
physics. London, and a modif ied appa ra tus 
"Northern Precision"), which are described else-
where [6]. 
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Table 1. List of investigated compounds. 

Sub- Substituent (/?) Ref. of 
stance 

Substituent (/?) 
Synthesis 

I - N ( C H , F [9] 
II -NH-, [9] 

0 III 
IV 

- N H COCFL 
- O C H , 

[9] 
[10,11] 

0 

V - C H 3 [10,11] 

0 

VI - F [12] 

0 

VII - C I [12] c H 
VIII - H [12] Ii 

0 IX - C N [13] 
Ii 
0 

X - B r [12] 

3. Results 

In all the investigated solvents (cyclohexane, 
ethanol, alkaline water at pH = 12) generally the 
formation of stable product and of a t ransient were 
observed. In Fig. 1 the absorpt ion spectra of the 
transients and of the stable product are shown for 
compounds (II), (III) and (VIII) in ethanol. Fu r the r 
spectrosopic data are compiled in Tables 2 - 4 . 
Generally the highest radical yields were observed 
in apolar solvents and with donor subst i tuted 
derivatives. 

700 nm 
Fig. 1. Absorption spectra obtained by flash photolysis 
(discharge voltage 12kV) of deoxygenated ethanolic 
solutions of 2 x 10~5 mol • d m - 3 2-phenylindandione-1.3 
derivatives. 1) (II) (4'-amino) transient 200 jas after flash: 
2) (II) stable product; 3) (III) (4'-acetvlamino) transient 
200 MS after flash: 4) (III) stable product. Insert: (A) (VIII) 
(unsubstituted) transient 200 ns after flash. B) (VIII) stable 
product. 

The absorption spectra of the stable products 
obtained by flash photolysis agree well with those 
of the benzylidenphthalides having the same sub-
stituents in the phenyl ring [15] (Table 3). In 
aqueous alkaline solution (pH = 12) of the fo rma-
tion of the benzyl idenephthal ides was observed 
only for compounds (I), (II) and (III) (Table 4) and 
even then with small yields only. 

The transients decay according to second order 
kinetics. For 2- (4 ' -d imethylaminophenyl ) - indan- l ,3 -
dion-2-yl radicals in ethanol at 735 nm a value of 
k 2 / z = 1.2 x 105 cm • s - 1 was obtained. 

In addition longlived transients were observed in 
aqueous alkaline solution for the unsubst i tuted 
compound (VIII) and for the bromosubs t i tu ted 
compound (X). For (VIII), / . m a x = 630 nm, 
r /2 = 10 ms and for (X), ;.max = 380, 660 nm. 
r /2 = 10 ms were found. 

Table 2. Absorption maxima of stable products and of 
transients as obtained by flash photolysis of 2-phenyl-
indandione-1,3 derivatives in deoxygenated cyclohexane. 

Substance Substituent Absorption maximum 
(R) Umax, nm) of: 

Stable Transient 
Product 

I -N(CH,) 2 390 420.610. 670 
II - N H , 370 350 
III - N H COCH, 325 350 
IV -OCH 3 340 -

IX -CN 325 340 

Table 3. Absorption maxima of stable products and of 
transients obtained by flash photolysis of 2-phenyl-
indandione-1.3 derivatives in deoxygenated ethanolic solu-
tions as well as of benzylidenephthalides with same sub-
stituent in the benzene ring. 

Sub- Substituent ''•max Of Absorption maxima 
stance (R) Phthalid (/-max- nm) of: 

[14] 
Stable Transient 
Product 

I -N(CH,) 2 395 390 430.660, 735 
II - N H , — 390 420.660 
III - N H C O C H , 373 380 400. 575 
IV -OCH, 356 360 380.550 
V -CH, ' 356 350 350.540 
VI - F - - 380.530 
VII -CI 372 370 365. 520 
VIII - H 338 320 345.540 
IX -CN 342 320 345. 540 
X -Br - 365 370. 540 



Table 4. Absorption maxima of stable products and of 
transients obtained by flash photolysis of 2-phenyl-
indandione-1,3 derivatives in deoxygenated aqueous 
solutions (pH = 12). 

Substance Substituent Absorption maxima 
( R ) ( ' -max, n m ) o f : 

Stable Transient 
Product 

I -N(CH 3 ) , 390 410. 670, 750 
II -NH? 390 410.670 
III - N H C O C H , 400 390,610 
IV -OCH, - 380,585 
VIII - H - < 460.530 
X -Br — < 360,555 

The long wavelength band of the radical derived 
from (I) appeared as a double peak in all the three 
solvents investigated; it did not appea r with the 
other derivatives. 

4. Discussion 

For the investigated derivatives the photo-
chemical behaviour corresponds generally to that of 
(I) as reported previously [6]. On one hand the 
formation of a stable product was observed, which 
was fond to be benzyl idenephthal ide [15], whereas 
on the other hand a one electron photooxida t ion 
process yields a 2-arylindandion-2-yl radical which 
dimerizes in due course: 

II 

o 
(di ketoform) 

In addit ion to reaction (2) the indandionyl radicals 
can also be formed f rom the enol form by splitting 
of the O - H bond (reaction 3) or f rom the cor-
responding enolate f rom by photoeject ion of a 
solvated electron (eäq ; reaction 4): 

O 

( g o - c 6 H 5 H- + R; (3) 

O 
I' 

I:' 
0 (enolate form) 

The photoisomerisat ion of the substrate to benzyl-
idenephthalides (reaction 1) is most likely accom-
plished by a C I — C 2 bond splitting (Norr ish Type I 
mechanism) leading to a very shortl ived bi radical 
which leads the phtha l ide af ter rotat ion a round a 
C —C single bond [6]. Within the resolution t ime of 
our flash photolysis apparatus ( r /2 = 7 p s ) it was not 
possible to detect shorter lived triplet states or other 
precursors of the indandionylradicals or benzyl-
idenephthalides. 

Both processes, radical fo rmat ion and electron 
ejection, are possible from the diketoform (in apolar 
solvents) as well as f rom the enolform (in alcohols) 
and from the enolate form (in alkaline water). The 
yields of the free radicals (reaction 2) are highest in 
alkaline water, those of phthal ide (reaction 1) in 
apolar solvents. In alkaline solutions phthal ides are 
formed with electron donor substituted compounds 
only and even then in small yields. U p to now it was 
not possible to assign the longlived transient bands 
formed at flash photolysis of substances (VIII) 
and (X). 

The absorption spectra of 2-arylindandion-2-yl 
radicals show a pronounced solvent dependence 
(Tables 2 to 4). They are shifted bathochromatical ly 
in solvents with higher dielectric constants. An 
analysis of the solvent effects on the radical derived 
from (I) by means of the Bakshiev equation [16] 
indicated a strong charge transfer character of the 
free radical's excited state (a higher dipole momen t 
than in the ground state) [5], Our results in cyclo-
hexane, ethanol and water principally confirm these 
findings, moreover, they show that all radicals with 
electron acceptor substituents exhibit an analogeous 
solvent effect, indicating an excited state with 
charge transfer character. 

Apart from this solvent influence the derivatives 
investigated in the present work are characterized 
by a substituent effect with respect to the spectral 
position of its absorption bands. In Fig. 2 correla-
tion diagrams, according to the Hammet t equat ions 
(3) and (4) are shown: 

A V'abs = Oabs ' OP + C , ( 3 ) 



[kKl 

2 0 -

Fig. 2. Linear correlations of 0 - 0 transitions and ab-
sorption maxima for some substituted 2-phenylindan-l,3-
dion-2-al free radicals in ethanol (see text). 0 - 0 transi-
tions were estimated from long wavelength absorption 
edges, for the dimethylaminosubstituted derivatives the 
center of the double peak was taken as maximum. 

Each diagram consists of two branches with 
oabs = 6.20x 103cm~' and goo = 6.56 x 103 c m - 1 for 
negative ap-values and gabs = — 1.74 x 103 c m - 1 and 
Qoo = - 1-52 x 103cm~' for positive crp-values. For 
the positive branches the correlation is much worse, 
because of the limited amount of data. A similar 
shift of the absorption spectra is obtained in cyclo-
hexane and in water, but in these cases the available 
data are not sufficient for the construction of linear 
correlation diagrams. 

The correlations for the absorption maxima differ 
from a previous one [3], which found g a b s = 2 . 5 x 
104cm~' for o < 0 as well as for o > 0. This is most 
likely due to the smaller set of derivatives, also 
including others than 4'-substituted compounds; 
furthermore due to the use of different solvents for 
the same correlation and finally because the authors 
[3] could not observe the long wavelength m a x i m u m 
of the 4 ' -bromosubst i tu ted compound . For these 
reasons we suggest to keep to the correlat ions 
presented here rather than to the previous ones [3]. 

By means of a recently developed theoret ical 
approach [8, 17] it is possible to use the linear 
correlations between spectral parameters and the 
Hammett a-constants (Fig. 2) for separa t ing the 

substituent effects on the Frack-Condon transi t ions 
into two independent components: 

1) the influence on the energy gap be tween the 
ground state and the excited state. 

2) the influence on the steepness of the hypersur-
faces of these states. 

The coefficient @0o is related to the zero vibra-
tional level energies of the ground and excited states 
as follows [8]: 

1 
Ooo = -

0 £ ? 
a.v 

6.v 
(5) 

where the partial differential quot ients are a mea-
sure for the sensitivity of the two states involved to 
substitution. As in our case g0o < 0 f ° r G < 0 and 
Goo > 0 for o > 0 the energy gap be tween ground 
and excited state is generally d imin ished upon 
substitution. 

For the difference oA — £>0o the fol lowing relat ion 
holds [8]: 

1 - - , dk,\ 
- Oabs — 0 0 0 = 2 ll a.v 

The value of x\ is de termined by geometry changes 
(R] — Rq) as well as by changes of the force con-
stants upon substitution (dk\/dx, which indicates 
the curvature of the excited states hypersur face) . In 
our case both effects are obviously small. T h e 
slightly negative value of x\ for a < 0 indicates a 
slight increase in the steepness of the excited state 's 
surface E\ (R) upon substi tut ion with electron 
acceptor substituents. 

Quantum chemical calculations on the excited 
state of 2-arylindandion-2-yl free radicals are in 
progress. 
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