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tion, and extraction with ether following acidification with HCI) yielded no 
detectable rearrangement product, a-methyleneglutaric acid (VII). The 
same result, negative with respect to rearrangement product VII, was 
obtained when the entire reaction sequence was carried out with Va 
and cobalt(ll) nitrate in place of hydroxocobalamin. 

(27) Note Added In Proof. We have found that the reaction reported above 
(Ia -» VII + Vl + II) Is quite sensitive to temperature. The best yields of 
rearranged product, a-methyleneglutarlc acid (VII), are obtained when 
the temperature of the reaction is maintained at 2O0C or slightly below. 
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Medium Effects on the Hexacyanocobaltate(III) 
Photoaquation. Evidence for the Occurrence of Cage 
Recombination in Ligand Photosubstitution Reactions 

Sir: 

The cage effect1 may be expected to affect virtually every 
type of dissociative photochemical reaction in solution, pro
vided that the geminate products are reactive enough to re-
combine appreciably during the very short lifetime of the 
solvent cage. The occurrence of cage recombination has 
been extensively documented and studied in the photochem
ical homolysis of many organic and simple inorganic mole
cules.2 In spite of a long standing mechanistic proposal3 

which included cage recombination, the importance of such 
processes in the photochemistry of coordination compounds 
has only very recently been experimentally demonstrated. 
In fact, efficient radical cage recombination has been shown 
to occur in a number of homolytic photoreactions of coordi
nation compounds, namely, in the redox decomposition of 
cobalt(III) complexes.4'5 For the other most important class 
of photoreactions of coordination compounds, namely, lig
and photosubstitution, the possibility of cage recombination 
has never been considered. As a matter of fact, ligand pho
tosubstitution involves heterolytic metal-ligand bond split
ting, and the geminate products of such a process are not 
highly reactive radical species, However, the presence of a 
vacant coordination site at the metal could easily entail a 
reactivity high enough to allow recombination prior to the 
cage breakdown. Thus, the importance of cage recombina
tion in ligand photosubstitution is up to now a matter for 
speculation awaiting appropriate experimental testing. An 
experimental study of the solvent dependence of a typical 
ligand photosubstitution reaction6 is reported in this com
munication which provides evidence for the occurrence of 
cage recombination in this type of photoreaction. 

A considerable amount of mechanistic information is al
ready available on the photoaquation of the hexacyanoco-
baltate(III) ion. Reaction 1 

Table I. Solvent Effects on the Hexacyanocobaltate(III) 
Photoaquation 

Co(CN)6
3" + H2O — Co(CN)5H2O2" + CN" (D 

is known to occur very cleanly in aqueous solution with 
quantum yield 0.31, independent of pH, C N - concentra
tion, and wavelength of excitation in the whole ligand field 
region.7 The first excited singlet 1Ti8 is populated with unit 
efficiency either by direct light absorption or by internal 
conversion from the upper 'T2g one. The reactive state is 
the lowest triplet 3Tig which aquates with almost unit effi
ciency and is populated from the lowest singlet by a moder
ately efficient (<f>isc *" OA) intersystem crossing process.8 

As to the chemical mechanism of the photoaquation reac
tion, there is little doubt that this process, which occurs 
thermally via dissociative activation,9 must be an essentially 
dissociative one (D or Id in Langford and Gray's nomencla-

Solvent 

Water 
Methanol-water 
Glycerol-water 
Ethanol-water 
Glycerol-water 
Ethylene glycol-water 
Glycerol-water 

%" 
— 
60 
20 
60 
40 
60 
60 

eb 

78 
54 
73 
50 
67 
57 
60 

nc 

1.0 
1.7 
2.0 
2.6 
4.7 
5.3 

14.7 

d>d 

0.31 
0.27 
0.24 
0.25 
0.17 
0.14 
0.10 

a Volume per cent of the alcoholic solvent. bBulk dielectric con
stant of the solvent mixtures.13 c Bulk viscosity of the solvent mix
ture.14 ^Photoaquation quantum yields; experimental conditions as 
in ref 12. 

ture).9 Experimental studies on the photosubstitution reac
tions of several acidopentacyanocobaltates have confirmed 
this prediction.10'" 

We have now studied the photoaquation Co(CN)6
3- in a 

variety of water-alcohol solvent mixtures. The spectra of 
both Co(CN)6

3- and Co(CN)5H2O2- were appreciably the 
same in all the solvent systems used and no qualitative 
changes in photochemical behavior were observed when 
changing the solvent with respect to pure water. In all of the 
solvent systems used, the extent of thermal back-anation 
was absolutely negligible in the time scale of the experi
ments. The quantum yield values12 for reaction 1 in the var
ious solvent systems used are collected in Table I. 

Inspection of the table reveals a pronounced variation of 
the photoaquation quantum yields with the solvent compo
sition. One may notice that the quantum yield values are 
not simply related to the amount of water in the solvent 
mixture. Furthermore, the nature of the alcoholic solvent, 
and in particular its hydrogen bonding ability, which might 
affect the excited state lifetime of cyanide complexes,15 

seems to be of negligible importance in determining the ob
served trend. As far as the bulk physical properties of the 
solvent mixtures are concerned, Table I shows that the 
quantum yields correlate remarkably well with the solvent 
viscosity, exhibiting a continuous decrease as the solvent 
viscosity is increased (Figure 1), On the other hand, no such 
regular correlation has been found for any other relevant 
physical property of the solvent (see, for example, the di
electric constant values which have been included in Table I 
for the sake of comparison). 

These observations are strongly indicative of a cage re
combination mechanism for the photoaquation of 
Co(CN)6

3-. The following simplified mechanism can be 
formulated in order to account for the observations: 

Co(CN)6
3" - -Co(CN)6

3" 

" C o ( C N ) 6
3 - - Co(CN)6

3" 

'Co(CN) 6
3" - [Co(CN)5

2--CN-]cagL, 

[Co(CN)52--CN-]cage - Co(CN)6
3" 

[Co(CN)5
2--CN-

H2O 
Co(CN)5H2O2" + CN" 

(2) 

(3) 

(4) 

(5) 

(6) 

According to such a mechanism, the observed photoaqua
tion quantum yield is given by 

* = • = $ ' . 

where <i>' is the primary quantum yield of bond cleavage. 
While a dependence of $' on the solvent composition cannot 
be definitely ruled out, the experimental results seem to in
dicate that the major source of the observed medium effects 
is the competition between processes 5 and 6. The rate con
stant for diffusive cage escape, Zc6, is expected to decrease 
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Figure 1. Dependence of the photoaquation quantum yield of 
Co(CN)63_ on solvent viscosity. 

with increasing solvent viscosity, while that of geminate re
combination within the cage, ks, should be essentially sol
vent independent. The possibility of calculating the primary 
quantum yield value from the experimental results is bound 
to our knowledge of the functional dependence of Ic6 on sol
vent viscosity. Unfortunately, such a knowledge is highly 
uncertain, for a number of reasons. First, even in the best 
studied organic cage recombination processes, no general 
agreement has been reached on the exact dependence of the 
effect on solvent viscosity (with both I/77 and (I/?;)1/2 func
tions being commonly used).2 Second, the accepted cage ef
fect theories2 do not explicitly allow for charge effects, 
which on the contrary are likely to be significant in this sys
tem. Third, a substantial degree of preferential solvation 
can be anticipated to occur in mixed solvent systems, which 
will certainly affect the dependence of diffusive cage escape 
on the bulk solvent viscosity.17 

Empirically, both a visual extrapolation of the data in 
Figure 1 to zero viscosity, as well as an analytical curve fit
ting using fc6= A/q, indicate a primary quantum yield of 
bond cleavage in the range 0.35-0.40. Thus, in the case of 
Co(CN)6

3-, the cage effect seems to be quite efficient in 
the more viscous solvents while being relatively unimpor
tant in pure aqueous solution.19 It should be pointed out 
that this conclusion may not hold true for other ligand pho-
tosubstitution reactions, especially for those not involving 
geminate products of the same charge. Further experi
ments, in particular using positively charged complexes and 
solvents of low viscosity, will allow a test of this possibility. 

The detection of cage recombination in the photoaqua
tion of Co(CN)6

3- appears to be of some general interest. 
First of all, it shows that cage recombination can occur in 
ligand photosubstitution reactions following heterolytic 
bond splitting, and that this concept is not confined to radi
cal reactions, as is usually understood. Second, this finding 
casts some doubt on the absolute meaning of photosubstitu
tion quantum yields obtained in any particular solvent. In 
fact, depending on the extent of cage recombination occur
ring in the system, the measured quantum yield may de
viate more or less from the primary quantum yield of bond 
cleavage. This point seems to be of particular relevance to a 
number of recently proposed theoretical models for substi
tutional photoreactivity of coordination compounds.20,21 

The experimental testing of these models is usually based 

on the comparison of experimental quantum yield values for 
the release of different ligands from the same complex, or 
even for photosubstitution reactions of different complexes. 
The possibility that such comparisons are affected by vary
ing degrees of cage effect should be considered. 

Acknowledgment. We thank Professor V. Carassiti for his 
interest in this work. 
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Mechanisms of Energy Storage and Release. 
Chemiluminescent Valence Isomerizations. Evidence 
for a Dewar Benzene Intermediate in a 
Biscyclopropenyl to Benzene Rearrangement 

Sir: 

Valence isomers of high energy content play a dominant 
role in the interpretation of the photochemistry of aromatic 
compounds.1 The rarely observed thermal interconversion 
of benzene valence isomers represents an exceptional rear
rangement since, in order to be detected, such reactions 
must be competitive with the highly exothermic aromatiza-
tion to benzene. On the other hand, recent theoretical cal-

Journal of the American Chemical Society / 97:16 / August 6, 1975 


