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to catalyze the six-electron reductions of nitrite and sulfite to 
ammonia and hydrogen sulfide, respectively. A combination of 
experiment and theory suggests54 that, because of the ease of 
oxidation of the isobacteriochlorin skeleton, ir radicals play a role 
in the enzymatic cycles of nitrite and sulfite reductases. ESR 
results confirm54b,c the theoretical prediction540 that oxidation of 
pyridine or imidazole CO complexes of iron(II) isobacteriochlorins 
proceeds via the macrocycle and unambiguously establish the 
existence of iron •K cation radicals. 

(54) (a) Richardson, P. F.; Chang, C. K.; Spaulding, L. D.; Fajer, J. J. 
Am. Chem. Soc 1979,101, 7736-8. (b) Chang, C. K.; Fajer, J. Ibid. 1980, 
102, 848-51. (c) Richardson, P. F.; Chang, C. K.; Hanson, L. K.; Spaulding, 
L. D.; Fajer, J. / . Phys. Chem. 1979, 83, 3420-4. 

Note Added in Proof: Hoffman and co-workers55 have obtained 
1H and 14N ENDOR hyperfine splittings which further support 
the assignment of HRP I to a ir cation. The isotopic substitution 
experiments suggested above for NMR are obviously equally 
applicable for ENDOR. 
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In addition to the ring-opening reactions of cage compounds 
catalyzed with acid2 and metal ions,3 photochemically and 
thermally induced valence isomerizations between cyclic dienes 
and cage compounds are well documented.4,5 We have found 
that electron transfer both in the ground and excited states also 
can induce cycloreversion of certain cage compounds possessing 
phenyl groups. In this connection there are reported examples 
of ring-opening reactions of monocyclic phenylated cyclobutanes6 

and cyclopropanes7 which proceed via electron-transfer reactions. 
However, our findings can provide a new procedure for the cy
cloreversion reactions of cage compounds which occur with ex
traordinary high efficiency. 

The observed reactions are divided into three types: (1) ring 
opening reactions induced by electron transfer or charge transfer 
in the dark; (2) reactions induced by irradiation of the charge-
transfer complexes; (3) reactions which occur by electron transfer 
between the ground state of the cage compounds and the excited 
state of the electron acceptors. We describe here the relationship 
between the types of reaction and the electron-donating or -ac-

f Department of Applied Chemistry, Faculty of Engineering, Tokushima 
University, Minami-Josanjima, Tokushima 770, Japan. 
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Table I. Charge-Transfer Band Maxima of 1 and 
2 with TCNE in CH2Cl2 
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cepting properties of substrates or electron acceptors. The 
mechanism of type 3 is mainly described here. 

The charge-transfer absorption bands resulting from the in
teraction of bis(homocubane) derivatives la-f* with tetracyano-
ethylene (TCNE) are shown in Table I, together with those of 
dienes 2a-f with TCNE. Although the charge-transfer absorption 
band of 4-phenylhomocubane with TCNE has been reported,' 
Table I reveals that the substitution of p-anisyl for phenyl, es
pecially in la and lb, results in large red shifts of the absorption 
maxima. This is ascribed to a through-space10 or through-bond 

(8) Synthetic method of 1 and 2 has been reported. Cf. T. Tezuka, Y. 
Yamashita, and T. Mukai, / . Am. Chem. Soc, 98, 6051 (1976). 

(9) N. A. Clinton, R. S. Brown, and T. G. Traylor, J. Am. Chem. Soc, 
92, 5228 (1970). 

(10) R. Filler and E. W. Choe, J. Am. Chem. Soc, 91, 1862 (1969). 
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Table II. Reduction Potential and Excited Triplet 
Energy of Sensitizers 

[ la]"1 M'1 

Figure 1, Plots of [#(2a)]"' vs. [Ia]"1. Acetonitrile solutions containing 
9,10-phenanthraquinone, 4.1 X 10~5 M, 412 ± 10 nm irradiation (•), and 
p-benzoquinone, 8.0 X 10"4 M, 436 ± 10 nm irradiation (O), at 23 °C. 

interaction which is maximized in the bis-arylated cage compounds 
because of good overlap of the rr orbitals of two parallel aryl groups 
with the tT orbitals of the C1-C2 bond.11 

When a methylene chloride solution of a 1:1 mixture of la and 
TCNE was stirred at room temperature for 2 h, a 1:1 adduct 3a, 
mp 153-155 0C, was obtained in 70% yield.12 Under the same 
conditions, diene 2a added to TCNE to give 3a in 84% yield. 
Other p-anisyl derivatives lb and Ic similarly react with TCNE 
to give dienes 2b and 2c, but only 2b affords adduct 3b, mp 
167-169 0C.13 The structural assignments of 3a and 3b are based 
on spectral properties14 as well as the chemical evidence that 
heating of the adducts in refluxing benzene regenerates 2a and 
2b. The fact that 2a and 2b, containing the cyclobutene ring with 
the anisyl group, add to TCNE also allows a structural discrim
ination between the two isomeric dienes 2b and 2c and between 
the two isomeric cage compounds lb and Ic. 

As shown in Table I, this bis-arylated cage compound also 
exhibits charge-transfer absorption bands with quinones such as 
p-chloranil and 2,6-dichloro-p-benzoquinone. When a methylene 
chloride or acetonitrile solution of p-anisyl derivative la, lb, or 
Ic and one of the above quinones was allowed to stand at room 
temperatures, the cycloreversion reactions giving dienes were 
observed without the formation of the [2 + 2] adduct. These 
cycloreversion reactions of la-c are classified as type 1 reactions. 
The diphenyl derivative Id showed no cycloreversion reactions 
on treatment with TCNE, p-chloranil, or 2,6-dichloro-p-benzo-
quinone in the dark. However, irradiation of a methylene chloride 
solution of Id and TCNE or p-chloranil by using a Na lamp (590 
nm) for 1 h produced diene 2d in almost quantitative yields. These 
ring-opening reactions of Id belong to type 2 reactions. The 
quantum yield for the type 2 reaction of Id and TCNE ([Id] and 
[TCNE] = 3.20 X 1O-2 M) was about 5 at 468 ± 10 nm at room 
temperatures.15 The fact that the quantum yield is more than 

(11) E. Osawa, A. Kanematsu, et al., J. Am. Chem. Soc, in press. 
(12) Satisfactory elemental analyses were also obtained for 3. 
(13) Among many examples of the [2 + 2] cycloaddition reactions between 

electron-rich olefins and TCNE, there is an example of hindered alkoxy 
styrenes which fails to add with TCNE. Cf. J. K. Williams, D. W. Wiley, 
and B. C. McKusick, / . Am. Chem. Soc, 84, 2210 (1962). 

(14) Spectral data of 3a are as follows: X^ (CH3CN) 248 nm (log e 
4.28); vm (KBr) 2230 cm"1; 1H NMR (100 MHz, CDCl3) 6 1.37-1.85 (m, 
5 H), 1.82 (s, 3 H), 1.89 (s, 3 H), 2.61 (m, 1 H), 3.15 (m, 2 H), 3.57 (s, 3 
H), 3.72 (s, 3 H), 6.33-7.17 (m, 8 H); m/e 372 (100%), 128 (61%). 

(15) Even if the exact quantum yield value could not be determined be
cause of the change of the charge-transfer absorption band between cage 
compound and TCNE according to the progress of reaction, it is considered 
that this value at 5% conversion is approximately correct, since the low con
version of the cage compound causes minor change of the charge-transfer 
absorption band. 

(16) G. Briegleb, Angew. Chem., 76, 326 (1964). 
(17) C. K. Mann and K. K. Barnes, "Electrochemical Reactions in No

naqueous Systems", Marcel Dekker, New York, 1970. 
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a £»red i / a - ^ r e d ^ + sensitizer triplet energy; sensitizer ground-
state reduction potentials (vs. SCE, DMF) are complied in ref 17. 
b Value in Me2SO complied in ref 17. c Values complied in S. 
L. Murov, "Handbook of Photochemistry", Marcel Dekker, New 
York, 1973. d Values complied in S. Patai, "The Chemistry of 
Functional Groups. The chemistry of the quinonoid compounds", 
Interscience, New York, 1974. 

unity suggests that a chain reaction should be involved in type 
2 reactions. 

With weak electron acceptors such as p-benzoquinone, 9,10-
anthraquinone, 9,10-phenanthraquinone, j-trinitrobenzene, and 
p-dicyanobenzene, neither cage compounds la-d nor dienes 2a-d 
exhibit any charge-transfer absorption band. However, when an 
acetonitrile solution of la or Id containing p-benzoquinone or 
9,10-phenanthraquinone was irradiated with light of longer 
wavelength than 400 nm for a short time (1-15 min), diene 2a 
or 2d was obtained in good yields (70-90%). These reactions 
belong to type 3, and occur very efficiently with increasing 
quantum yields as the concentration of la or Id is increased. 
Surprisingly the limiting quantum yields of the reactions were 
found to be infinite, as shown in Figure 1, suggesting the oc
currence of a chain reaction. The reactions were quenched with 
piperylene. In addition, the luminescence of 9,10-anthraquinone18 

was quenched by la with the rate &q = 1.4 X 108 M"1 s"1. 
In order to establish the limitation of type 3 reactions, the 

photosensitized reactions of la were carried out in the presence 
of other sensitizers such as benzophenone, acetophenone, benzil, 
and anthracene. Although a slow conversion to 2a took place when 
acetophenone was used,19 other sensitizers did not lead to the 
reaction. As shown in Table II, the reactions depend on the 
reduction potentials but not the triplet energies of the sensitizers, 
except for acetophenone. Thus, a classical energy-transfer 
mechanism is less likely than an electron-transfer mechanism. In 
connection with this, the oxidation potentials of cage and diene 
compounds were polarographically measured and the £°xi/2 values 
of 1.09 and 1.41 V (vs. SCE) for la and Id and 1.09 and 1.40 
V for 2a and 2d were obtained.20 Comparison of these potential 
values with the reduction potentials (Ef^iJ2 in Table II) of the 
electron acceptors17 along with the fact that the type 3 reaction 
of la was quenched with triethylamine (Em

1/2 = 0.82 V vs. SCE) 
should support the electron-transfer mechanism. 

On the basis of these findings, we propose a reaction mechanism 
for the type 3 reactions which involves a chain process. The 
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(18) S. A. Carlson and D. M. Hercules, / . Am. Chem. Soc, 93, 5611 
(1971). 

(19) In this case, the exothermic energy-transfer reaction may occur. 
(20) Half-wave potentials vs. SCE in acetonitrile using 0.1 M Et4N

+ClO4" 
as supporting electrolyte; 0.1 V s"1 scan speed. We thank Professor Nobuyuki 
Tanaka and Dr. Akifumi Yamada for providing the measurements. 



672 /. Am. Chem. Soc. 1981, 103, 672-673 

initiation step consists of excitation of the quinone and generation 
of the radical cation I+- by electron transfer from the cage com
pounds. The ring cleavage process of the radical cation I+- giving 
the radical cation 2+-, followed by a subsequent electron transfer 
from 1 to 2+; comprises the propagation steps. Then, the radical 
cation I+- reenters the chain cycle. Reaction 4 can be considered 
to be reversible, because there is no gap in the oxidation potentials 
between 1 and 2. However, reaction 3 involving the bond cleavage 
reaction releases much strain energy and cannot be reversible. 
Thus, the propagation sequence is promoted. The termination 
step involves a quenching reaction of the radical cations I+- and 
2+- with the radical anion Q': The absence of sensitizer radical 
ion from the propagation sequence probably allows the long chain 
lengths observed. 

The detailed mechanism for the type 1 and 2 reactions is still 
ambiguous, but the key step must be electron transfer from the 
cage compounds to the electron acceptors in both cases. Since 
the type 2 reaction also involves a chain process, there seems no 
essential differentiation between the type 2 and 3 reactions. When 
the electron-transfer reaction occurs thermally from the cage 
compounds to TCNE or quinone, type 1 reaction might result. 
On the other hand, if the reaction requires excitation of 
charge-transfer complexes or sensitizers, type 2 and 3 reactions 
will occur. 

More recently, we have discovered that the type 3 reactions 
of Id also take place with quantum yields over unity when dye 
sensitizers such as triphenylpyrylium and trityl salts21 or semi
conductors such as ZnO and CdS were used.22 Thus, it could 
be concluded that electron-releasing properties of the cage com
pounds which are ascribed to their strain energies and oxidation 
potentials might be important factors for the cycloreversion re
actions which are induced to occur by electron transfer. 
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The structural organization of solvent molecules around a 
dissolved solute in solution has been discussed extensively in the 
recent literature in terms of solvation sites. In aqueous solutions, 
solvation sites are the regions in which water molecules are likely 
to be found in the vicinity of a dissolved molecular solute. The 
solvation site concept can be extended straightforwardly to mo
lecular solutions in general. 

Up to this point, solvation sites have been equivalenced with 
local minima in the solute-solvent potential energy hypersurface, 
as advanced by Pullman, Pullman, and co-workers.1 Calculations 

(1) A. Pullman and B. Pullman, Q. Rev. Biophys., 7, 505 (1975). 

of solvation sites based on molecular quantum mechanics have 
been reported for diverse biological molecules and used to discuss 
aqueous hydration and solvent effects on biomolecular confor
mational structure. The Pullman approach has generated useful 
insight into aqueous solvation processes but can be improved upon 
by including solvent-solvent interactions, temperature effects, and 
consideration of the statistical weight of solvation sites in the 
iV-particle molecular assembly.2 We offer here a new definition 
of solvation sites expressed on the statistical state of an TV-molecule 
system at a given temperature in which all of the above critical 
points are accommodated. The procedure is illustrated by the 
determination of solvation sites for fra/w-glyoxal from an analysis 
of computer simulation results on the dilute aqueous solution, 
[(HCO)2].,, at 25 0C. 

All information about the structure of molecular solutions is 
in principle contained in the generic molecular distribution 
functions for the system, and information on solvation sites follows 
in principle from the analysis of these functions in the region of 
the first solvation shell of a solute. A general procedure for the 
analysis of the local solution environment of a dissolved solute 
from molecular distribution functions has recently been proposed 
from this laboratory.3 Here the solvent molecules in the various 
TV-molecule configurations of the system are assigned to the closest 
or most proximal solute atom (the proximity criterion). The 
subsequent analysis is organized in the general framework of 
quasicomponent distribution function theory.4 By use of this 
approach the primary and higher order solvation of each solute 
atom is determined. The spatial extent of the first coordination 
shell of the solute can be well defined from the solute-solvent radial 
distribution for primary solvation. The probability density dis
tribution for solvent molecules in the first shell can thus be de
termined, and the spatial probability distribution of solvent 
molecules in the immediate vicinity of the solute can be displayed. 
The further resolution of this density according to solute atoms 
or functional groups can be achieved by using the proximity 
criterion, and the analysis of these results leads to the determi
nation of solvation sites. These sites are defined on the statistical 
state of the system with TV-molecule interactions, temperature 
factors, and statistical weights taken into account and are 
henceforth called "statistical state solvation sites". Alternative 
uses of probability density maps to analyze simulation results on 
aqueous solutions have been described by Hagler et al.5 and 
Romano and Clementi.6 

To examine the viability of the statistical state solvation site 
concept, we have carried out a liquid state (T, V, N) ensemble 
Monte Carlo computer simulation on [ (HCO) 2]a q , represented 
by 1 glyoxal molecule and 215 water molecules under periodic 
boundary conditions at 25 0C. Ensemble averages in the calcu
lation of properties and in the structural analyses were formed 
from 1000K configurations after equilibration, chosen on the basis 
of the Metropolis method. General aspects of the calculations 
and related recent results are reviewed in ref 7 and 8 and literature 
cited therein. 

The primary coordination number of glyoxal in [(CHO)2]aq 
was found to be 17.77 water molecules. The 90% probability 
density distribution of these molecules was determined and dis
played by using computer graphics by means of the program 
PSI/77 by Jorgensen.9 The results are collected in the composite 
Figure 1. 
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