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It is known that single determinant Hartree-Fock calculations 
do not correctly represent bond breaking and lead to large energies 
for this process.47 It was possible that 6 is not a discrete species 
but would be found to dissociate to 7 without a potential barrier 
if this problem could be eliminated. Here, the generalized valence 
bond (GVB)48 formalism appeared to be particularly useful, since 
it assigns a wave function to each electron in the specified bonds 
and leads to correct dissociation. Thus, a geometry optimization 
was carried out with the GVB perfect pairing approximation for 
the central bond and the 4-3IG basis. The results are shown in 
Table II. The central bond now is somewhat longer, but the species 
still represents a minimum in the potential energy surface. We 
shall at a later time attempt to estimate the activation energy for 
the conversion of 6 to 7. 

Finally, we may examine the energy of bicyclo[2.2.0]-l(4)-
hexene (12). The enthalpy of hydrogenation is calculated to be 
65 kcal/mol (Table V), which may be compared with 54 kcal/mol 
for the hydrogenation of cyclopropene (9). It is clear that 12 has 
a considerably higher strain energy than 9. This is in good accord 
with its remarkable chemical reactivity.27 The dimerization to 
the highly strained propellane 13 is estimated to be exothermic 
by 88 kcal/mol! 

The preceding discussion has been concerned largely with the 
geometries and energies derived from the calculations. The wave 

(47) Goddard, W. A., Ill; Ladner, R. C. J. Am. Chem. Soc. 1971, 93, 
6750. 

(48) Goddard, W. A., Ill; Dunning, T. H., Jr.; Hunt, W. J.; Hay, P. J.; 
Ace. Chem. Res. 1973, 6, 368. 

The photochemical interconversion of norbornadiene (1) and 
its valence isomer, quadricyclene (2), has been known for some 
time.1 For the forward reaction the mechanism involving trip­
let-triplet energy transfer is well understood and has recently 
attracted attention as a relatively efficient means for driving a 
photochemical energy storage system.2 Due to the unusual 
electron donor properties of the strained isomer 2, the back reaction 
can also be photoinduced by using electron acceptors as sensitizing 
agents3 to promote electron transfer. A new mechanism for the 
1 —• 2 isomerization was recently proposed,4 also involving electron 
transfer which was based on the observation of chemically induced 
dynamic nuclear polarization (CIDNP) effects on irradiation of 
1 in the presence of a singlet sensitizer, 1-cyanonaphthalene. An 
examination of ion-pair energies suggested the role of electron 
donor for 1 in the quenching of cyanonaphthalene fluorescence 
in acetonitrile. The data further provided that geminate ion pairs 
once formed as singlets may intersystem cross to triplet ion pairs 
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functions potentially contain much information concerning in­
tramolecular interactions, changes in electron density distribution 
with changes in structure, etc. A quantum topological49 analysis 
of the wave functions will be presented at a later time. 
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of sufficient energy to populate, through back electron transfer, 
the triplet state of either reactant. Deposition of excitation energy 
in 1 through triplet recombination5 finally leads to isomerization 
as expected. The different options offered to singlet vs. triplet 
ion pairs are responsible for opposite nuclear spin polarization in 
reactant and product isomers.4 

In a separate paper6 we have reported that the isomerization 
of the norbornadiene derivative 3 can be successfully carried to 
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Abstract: Chemically induced dynamic nuclear polarization (CIDNP) has been observed on irradiation of dimethyl-
bicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate (3) in the presence of aromatic electron-donor sensitizers in acetonitrile. Nuclear 
polarization is detected for selected protons of 3 (emission) and its quadricyclene valence isomer 4 (enhanced absorption). 
The complementary CIDNP effects are rationalized in terms of the quenching of hydrocarbon singlests via electron transfer, 
intersystem crossing between resultant singlet and triplet radical-ion pairs, and competition between singlet and triplet ion 
recombination. The energetics of recombination allow that triplets of either 3 or the sensitizers may be populated. A distinction 
is made between pairs in which the sensitizer triplet level is above or below that of 3. The CIDNP effects are discussed in 
terms of other photochemical results regarding the electron-transfer photosensitized isomerization, 3 -» 4. 
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high conversion in the electron-transfer photosensitization mode. 
This system departs from the parent norbornadiene/quadricyclene 
system (1/2) in that 3 is now a good electron acceptor and isomer 
4 is no longer a powerful donor (or acceptor) capable of inter­
cepting the sensitizer. We report here novel aspects of the CIDNP 
portion of our study involving isomerization, 3 —»• 4, photoinitiated 
by electron transfer from donor sensitizers. 

The CIDNP method has proved to be a valuable tool for the 
investigation of photoinduced isomerizations that proceed via 
electron-transfer and radical-ion intermediates. For olefin systems 
capable of isomerization, two types of polarization mechanism 
have been distinguished.7 In the first, a competition is set up 
between recombination of an initial radical ion pair (with or 
without intersystem crossing) and diffusive separation. Olefin-
radical ions, especially the cations, having left the solvent cage 
are endowed with sufficient lifetime to rearrange before eventual 
capture. The polarization observed on irradiation of 1-phenyl-
propene8 or quadricyclene4 in the presence of an acceptor sensitizer 
is consistent with this mechanism involving rearranging radical 
cations. 

Another family of reactions, in which isomerizable electron-
deficient olefins are combined with donor sensitizers, proceeds 
by the alternative triplet recombination mechanism described 
above. For simple olefins, the different behavior of the elec­
tron-rich relative to the electron-donor olefins seems to stem from 
a relatively high barrier to (geometrical) isomerization in radical 
anions9 as opposed to that in radical cations. Therefore, mere 
generation of radical cations from donor olefins may already lead 
to isomerization, whereas after generation of radical anions from 
acceptor-type olefins, isomerization requires subsequent population 
of their triplet state, a process which is facilitated by the uniformly 
low triplet excitation energies found for the olefin acceptors. Our 
evidence shows that norbornadiene 3 falls into this latter category 
for isomerization under electron-transfer conditions. 

Results 
Solutions of 3 (0.02-0.10 M in CD3CN) were irradiated in the 
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(DCNE)", and its triplet state 3(DCNE), all considered to be characteristic 
models for 1,2-acceptor substituted olefins, have revealed the following results: 
The most stable conformation of DCNE is the trans isomer, which is ~ 1 
kcal/mol more stable than the cis isomer. The most stable conformation of 
DCNE- has planar trans geometry as well, with the lone electron in a ir* 
orbital. The cis isomer of DCNE" lies 2.7 kcal/mol above. The barrier to 
trans/cis isomerization was found to be 37 kcal/mol above the energy of the 
trans conformation. The minimum energy of the ir-ir* triplet state of 3DCNE 
was found to occur at a perpendicular conformation, as in ethylene. This 
minimum lies about 27 kcal/mol above the calculated ground-state minimum, 
i.e., above trans-DCNE. The planar trans and cis conformations of 3DCNE 
are local maxima, and lie 8.6 and 9.9 kcal/mol above the perpendicular 
3DCNE minimum, respectively. The energy differences, though not consid­
ered to be of high quantitative accuracy, are believed to reflect the shape of 
the potential curves and the relative energies of isomers of a given multiplicity 
correctly. The single determinant wavefunction used for this calculation does 
not property describe the cis-trans isomerization of the IT bond in the - C = C -
fragment of DCNE; therefore, no rotational barrier of the ground state was 
calculated. The C-CN bond was shown to have ir character as in any ir-
conjugated system. More work is in progress. Details of this and more 
advanced calculations as well as the optimized geometries of the different 
states and their isomers will be published elsewhere (B. Lui, M. Dupuis and 
J. Bargon, unpublished results), (b) The rate constants for isomerization of 
the radical anion of cw-4,4'-diphenylstilbene into its trans form has been 
estimated to be smaller than 104 s"1 (C. K. Chien, H. C. Wang, M. Szwarc, 
A. J. Bard, and K. Itaya, J. Am. Chem. Soc, 102, 3100 (1980). 
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Figure 1. (a) "Dark" 1H NMR (60 MHz) spectrum of a 0.02 M solution 
of 3 and 0.001 M phenanthrene in acetonitrile-^. (b) 1H CIDNP 
spectrum of the same sample during irradiation. The resonances of 3 and 
4 are denoted with N and Q, respectively; the indices refer to the protons 
in olefinic (o), bridgehead (bh), bridge (b), and methyl ester (CH3) 
positions. 

Table I. Excitation Energies for Sensitizers, g Values for 
Sensitizer Radical Cations, and Ion-Pair Energies for Sensitizers/3a 

sensitizer rvalue E(S1) ^(T1) AG(S+,3") 

fluorene 2.00266 95.0 68.4 74.2 
triphenylene 2.0026b 83.4 66.5 72.7 
4,4'-dimethoxybiphenyl 2.003 l c ' d 9 1 . 1 ' 62.9h 67.2 
phenanthrene 2.0026b 'e 82.8 62.1 71.8 
naphthalene-d8 2.00266 91.0 61.0 76.9 
2-methoxynaphthalene 2.0030c 90.0 59.9^ 80.0 
pyrene 2.00266 77.0 48.5 64.0 
anthracene 2.002565^ 75.5 42.7 62.4 

° AU energies in kcal/mol. Excitation energies were taken from 
ref 10 and 11 or estimated from absorption and emission spectra. 
Ion-pair energies were calculated from polarographic half-wave po­
tentials (AG = £Xl/2)o x ~EO/2)Ted-e

2/er) with correction (1.4 
kcal/mol for the Coulomb interaction in acetonitrile (ref 12a)). 
Oxidation potential values were taken from the literature (ref 12b) 
and the reduction potential for 3 was measured by cyclic voltam-
metry; Epa + EpJ2 = -1 .67 V vs see (TBAP, CH3CN, Ag wire) 
(ref 13). b Assumed to be in the range for unsubstituted aromatic 
hydrocarbon radical cations (ref 14). c Determined by CIDNP 
(ref 16). d Reference 14d,e. e Reference 14c. f Reference 14f. 
' Reference 15a. h Reference 15b. ; Reference 15c. ; Reference 
15d. 

probe of a CW NMR spectrometer in the presence of sensitizers 
(Table I) that absorbed readily in the region of illumination 
(290-360 nm). Characteristic CIDNP signals were observed. 
Protons of the methyl ester group as well as bridgehead and olefinic 
protons of 3 were observed in emission (E). The corresponding 
protons of the photoisomer 4 exhibited a complementary polar­
ization, namely enhanced absorption (A) (Figure 1). 

No nuclear polarization could be detected for the bridge protons 
(position 7) of either 3 or 4 or for the protons of the sensitizers. 
CIDNP was also not observed during the irradiation of solutions 
of various sensitizers in the presence of 4. This finding is not 
surprising, since the valence isomer 4 fails to quench sensitizer 
fluorescence at moderate concentrations,5b-6 and, therefore, acts 
as an acceptor inferior to 3. Purging of solutions with argon did 
not result in detectable changes in the CIDNP spectra. Irradiation 
of 3 in the absence of a donor sensitizer resulted in slow photo-
isomerization to 4; however, under these conditions, no CIDNP 
was observed. Photolysis in the presence of conventional triplet 
photosensitizers (benzophenone and acetophenone) brought about 

(10) S. L. Murov, "Handbook of Photochemistry", Marcel Dekker Inc., 
New York, 1973. 

(11) J. B. Birks, "Photophysics of Aromatic Molecules", Wiley, New York, 
1970. 
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Figure 2. Energies of excited states and ion pairs of sensitizers in com­
bination with norbornadiene 3. 

efficient isomerization,2b,c but again no nuclear polarization. 
The intensities of the CIDNP signals showed a significant 

dependence on the identity of the sensitizer: When anthracene 
and pyrene were used as electron donors, signals were barely 
detectable and some 300-500 times smaller than CIDNP reso­
nances found for the other sensitizers. For this comparison lamp 
intensities were assumed similar for all irradiations, and optical 
densities were high for all sensitizers at 290-360 nm. 

Discussion 
An examination of singlet excitation energies and ion-pair 

energies, obtained from redox potentials (Table I), shows that 
photoinduced electron transfer from the donor sensitizers to 3 is 
exothermic and should be relatively efficient.12 The rate constants 
for quenching hydrocarbon fluorescence in acetonitrile approach 
the diffusion-controlled limit (kq ~ 1010 M"1 s"1).6 Reverse 
electron transfer in the initially formed singlet-ion pair will re­
generate reactants in competition with intersystem crossing to ion 
pairs of triplet spin multiplicity. 

Our working hypothesis is the triplet recombination mechanism. 
It involves a partitioning in which singlet ion pairs favor regen­
eration of norbornadiene 3 and triplet pairs on recombination lead 
predominantly to the valence isomer 4. Energetics again provide 
the basis for such a mechanism (Figure 2) in that ion-pair energies 
(Table I) are uniformly above the value required for exothermic 

(12) (a) D. Rehm and A. Weller, Isr. J. Chem., 8, 259 (1970); (b) E. S. 
Pysh and N. C. Yang, / . Am. Chem. Soc, 85, 2124 (1963); C. K. Mann and 
K. K. Barnes, "Electrochemical Reactions in Nonaqueous Systems", 1970, p 
191; H. Siegerman in "Technique of Electroorganic Synthesis", Part II, N. 
L. Weinberg, Ed., Wiley, New York, 1975, p 690. 

(13) We thank Professor Mark Wrighton and members of his group for 
assistance with this measurement. 

(14) (a) K. Ishuzu, K. Watanabe, and H. Ohya-Nishigushi in Landolt-
Bornstein "Magnetic Properties of Free Radicals," Vol. IXd2, H. Fischer and 
K.-H. Hellwege, Eds., Springer, Heidelberg, New York, 1980; (b) B. G. 
Segal, M. Kaplan, and G. K. Fraenkel, / . Chem. Phys., 43, 4191 (1965); (c) 
L. Petrakis, P. L. Meyer, and G. L. Jones, J. Phys. Chem., 84, 1029 (1980); 
(d) D. L. Allara, B. C. Gilbert, and R. O. C. Norman, Chem. Commun., 319 
(1965); (e) W. F. Forbes and P. D. Sullivan, Can. J. Chem., 44, 1501 (1966); 
(f) G. Vincow in "Radical Ions", E. T. Kaiser and L. Kevan, Eds., Interscience 
Publ., New York, 1968, p 164. 

(15) (a) I. B. Berlman, /. Chem. Phys., 52, 5616 (1970); (b) H. V. Taylor, 
A. L. Allred, and B. M. Hoffman, J. Am. Chem. Soc, 95, 3215 (1973); (c) 
S. M. LyIe and E. C. Lim, Chem. Phys. Lett., 17, 367 (1972); (d) M. Zander, 
Z. Naturforsch., A, 22a, 1289 (1967). 

(16) J. Bargon, Prog, in NMR Spectrosc, to be published. 
(17) R. Kaptein, Chem. Commun., 732 (1971). 
(18) J. A. Baltrop and J. D. Coyle, "Excited States in Organic Chemistry", 

Wiley, New York, 1975, p 92. 

population of the triplet state of 3 (its energy is estimated to be 
about 53 kcal/mol from the quantum yields of sensitized isom-
erization by using triplet sensitizers of varying energy).2b'c The 
decay of the triplet state of 3 to isomer 4 is known to be efficient 
(~60%).2b,c Accordingly, the situation found here resembles that 
outlined in further detail elsewhere in the literature.6'19 

The results of our CIDNP experiments are consistent with the 
triplet recombination mechanism. According to the well-known 
CIDNP phase rules,17 and recent amendments thereto,19 the net 
effect depends on five parameters: the initial spin multiplicity 
of the radical pair (M), the mode of product formation (e), the 
sign of the difference between isotropic g factors of the individual 
radicals (Ag), the sign of the hyperfine coupling constant (a) (hfc) 
for the magnetic nucleus under observation, and the "exit channel" 
factor (7).19b According to Figure 2, which is based upon the 
results obtained from fluorescence quenching and quantum ef­
ficiency studies,6 the initial ion pairs are of singlet origin (n < 
0). All products are expected to be formed within the cage (t < 
0). The g factors for the hydrocarbon radical cations are expected 
to be smaller than the value for 3" which bears electron-with­
drawing substituents (Ag > 0). The signs for the proton hfc for 
the radical anion of 3 are not known, but all seem to have the same 
sign and must, therefore, be positive (a > 0) by comparison with 
results obtained in CIDNP experiments for analogous radical ions 
from the dimethyl esters of citraconic (5), 1,2-dimethylmaleic (6), 
and maleic acids.20 
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According to our results, the olefinic protons of 3" must ex­
perience a positive hfc together with the bridgehead and methyl 
ester protons. We are not aware of any precedent for this type 
of hyperfine interaction and the associated positive sign as observed 
here in the norbornadiene radical anion. An Overhauser-type 
mechanism24 as a source of CIDNP seems unlikely, due to the 
relative intensities of the polarized protons. A triplet mechanism 
in turn can also be excluded, since the system is not particularly 
sensitive to the presence of molecular oxygen.25 We are currently 
conducting a quantum chemical calculation on the hyperfine 
coupling mechanism in norbornadiene-type radical anions, the 
details of which will be published elsewhere. 

Assuming that the spin-lattice relaxation rates of the methyl 
ester protons of 3 and 4 do not differ markedly, the near equal 
intensities of the CIDNP signals for reactant 3 and isomer 4 do 
not support a mechanism involving rearranging ions. One would 
otherwise expect the product resulting from the rearranged anion 
to show a significantly lower CIDNP intensity, assuming that 
escaped anions will lose some of their polarization due to spin-
lattice relaxation.7 Furthermore, if the behavior4 of the radical 
cations of 1 and 2 serves as a guide, the conversion 7 —• 8 should 
be endothermic (7 and 8 represent only one of the several me-
someric forms). 

(19) (a) J. Bargon, in "Chemically Induced Magnetic Polarization", L. T. 
Muus et al., Eds., D. Reidel: Dordrecht-Holland, 1977, pp 393-398; (b) G. 
L. Closs and M. S. Czeropski, J. Am. Chem. Soc, 99 6127 (1979); (c) J. 
Bargon, ibid., 99, 8350 (1979). 

(20) J. Bargon, K. M. Dangel, and W. Schwarz, to be published. 
(21) D. R. Arnold and P. C. Wong, J. Am. Chem. Soc, 101, 1894 (1979). 
(22) G. Kaupp and H. Prinzbach, Hev. Chim. Acta, 52, 956 (1969). 
(23) M. Kasha, J. Opt. Soc. Am., 38, 929-934 (1948). 
(24) J. Bargon and G. P. Gardini, J. Am. Chem. Soc, 101, 7732 (1979). 
(25) H. D. Roth, R. S. Hutton, and M. L. M. Schilling, Rev. Chem. 

lntermed., 3, 193 (1979). 
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Energetic considerations favor the triplet recombination 
mechanism as well. Two sets of circumstances have to be dis­
tinguished: In the first case, the triplet energies of the sensitizers 
lie below the ion-pair energies but above the triplet level of 3. In 
the second case, for which pyrene and anthracene serve as ex­
amples, the sensitizer triplets are well below that of 3. These two 
types of sensitizer families can conveniently be identified from 
either CIDNP studies or quantum efficiency studies of isomeri-
zation: for the second family (namely pyrene and anthracene), 
with £T(sensitizer) < ET(3), the CIDNP effects are rather weak, 
and in parallel, the quantum efficiency for isomerization (3 —• 
4) is at least tenfold smaller than for sensitization with donors 
of the first family (i.e., phenanthrene or triphenylene).6 This 
sensitivity of either CIDNP or quantum efficiency to relative 
positions of triplet energies is not expected for a reaction mech­
anism involving rearranging radical anions of 3. Instead, these 
results support the triplet recombination mechanism, as did earlier 
flash photolysis experiments,6 which revealed that upon quenching 
of pyrene fluorescence with 3, pyrene radical cations as well as 
pyrene triplets are generated. 

The remaining uncertainty deals with the selection between two 
lower-lying triplet states, which in principle are both accessible 
following the decay of the ion pairs. The energy gap law18 would 
predict population of the triplet lying closest to the energy of the 
ion pair.19 Unfortunately, the present results do not allow an 
unambiguous test of the energy gap law because of the following 
uncertainties: If the triplet of the sensitizer with E7(S) > £T(3) 
is generated on recombination, subsequent triplet energy transfer 
from 3S to 33 would populate the triplet state of 3 in competition 

Neutral linearly conjugated systems are generally recognized 
to possess greater stabilization than the isomeric cross-conjugated 
systems.1 Frequently, though, with polyanionic systems, this 
tendency is reversed.2 For example, we found that when 2-
methyl-2-butene was treated with 2 equiv of n-butyllithium/ 
tetramethylethylenediamine (TMEDA), the thermodynamic 
product was the cross-conjugated anion 2.3 By the use of 1H 
NMR spectroscopy and periodic quenches with methyl iodide, 

(1) Dewar, M. J. S. "The Molecular Orbital Theory of Organic 
Chemistry"; McGraw-Hill: New York, 1969. 

(2) Bates, R. B. In "Comprehensive Carbanion Chemistry Part A: 
Structure and Reactivity"; Buncel, E., Durst, T., eds.; Elsevier: New York, 
1981; p 1. 

(3) Mills, N. S.; Shapiro, J.; Hollingsworth, M. J. J. Am. Chem. Soc. 1981, 
103, 1263. 

with direct population of 33 from the ion pair. Therefore, isom­
erization of 33 could occur in any event. 

The system stilbene/fumaronitrile provides another example 
in which ion-pair formation/triplet recombination results in favored 
isomerization and stronger CIDNP of the component with the 
lower triplet energy (stilbene).7,21 It should be noted, however, 
that the dynamics of electron transfer (backtransfer) may involve 
changes in geometry for these systems, so that arguments based 
upon energetics alone are likely to be incomplete. A settlement 
of this point has to await studies of systems that do not involve 
geometrical changes. 

Experimental Section 
Electron-donor sensitizers were commercially available and were re-

crystallized before use. Phenanthrene was further purified by repeated 
recrystallization from toluene and methanol and finally zone refining. 
The norbornadiene derivative 3 was prepared and converted to the va­
lence isomer by direct irradiation as previously reported.22 

CIDNP experiments were carried out by using solutions with 1 X 10""4 

M sensitizer and 0.02-0.10 M of 3 and commercial acetonitrile-d3 as 
solvent. Concentrations of 3 were chosen such that >50% of the sensi­
tizer fluorescence was quenched (as deduced from Stern-Volmer plots6). 
The NMR spectra were recorded in a slightly modified Varian HA 100 
spectrometer (operating at 60 MHz) in an all-quartz probe during UV 
irradiation with the NiSCyfiltered light (290-360 nm)23 from a high-
pressure mercury-xenon lamp (1000W, Hanovia Model 977 B-I). The 
modification of the probe allowed irradiation through the paddle holes 
via a light guide. 
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it was possible to observe the initial formation of linearly conju­
gated anion 1 with subsequent and complete isomerization of it 
to the anion 2. 
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These results are explained by the theory of Y aromaticity,4,5 

which states that certain polyanions tend to adopt a closed-shell, 
Y-delocalized 67r-electron configuration. We decided to probe 
further this tendency by dimetalating an alkadiene that could form 

(4) Gund, P. J. Chem. Educ. 1972, 49, 100. 
(5) Finnigan, R. A. Ann. N.Y. Acad. Sci. 1969, 152, 242. 
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Abstract: The dimetalation of 2-methyl-l,5-hexadiene results in the formation of two linearly conjugated hexatriene dianion 
derivatives (5/6), a cross-conjugated dianion with extended conjugation (10), and a dianion best characterized as containing 
two isolated allylic monoanions (9). With two different metalating systems (H-butyllithium/tetramethylethylenediamine and 
H-butyllithium/potassium fert-butoxide) the species formed initially in largest concentration was 9. Dianion 10 was the 
thermodynamic product, formed at the expense of 9 and 5/6. At no time was the 6ir Y-aromatic dianion 4 detected. The 
stability of 10 is best explained by a consideration of REPA's (resonance energy per atom). 
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