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The structures and reactions of organic radical cations have 
been the focus of much interest for the past decade.' In particular, 
the homoconjugative interactions of strained-ring moieties with 
olefinic fragments have been probed to delineate changes in the 
molecular geometry upon oxidation and to assess the spin density 
distribution in the resulting radical cations.2 The simplest radical 
cation containing an olefinic moiety as well as a cyclopropane 
ring, the vinylcyclopropane system, has not been adequately 
characterized by either experiment or calculation.36 In order to 
probe the structure of the corresponding radical cation ( I + ) , we 
have studied the electron-transfer-induced CIDNP effects of three 
simple derivatives, in which the two functionalities are locked in 
a syn configuration, viz., bicyclo[3.1.0]hex-2-ene (2), bicyclo-
[4.1.0]hept-2-ene (norcarene; 3), and 3,7,7-trimethylbicyclo-
[4.1.0]hept-2-ene (carene; 4). The CIDNP results suggest two 
significantly different structure types, in which either the internal 
cyclopropane bond (as in 3*) or a lateral one (e.g., 2'+ or 4+) is 
involved in deloca 1 i/.ing spin and charge. These findings elucidate 
the electronic and stereochemical requirements for conjugation 
between the two functionalities. 

« 2 " + 3 " + 4 + 

The frontier molecular orbital (FMO) of the cyclopropane 
unit plays a crucial role in the interaction between the two moieties. 
MO calculations suggest that the vertical ionization of cyclo
propane occurs from a degenerate pair of in-plane e' orbitals (5, 
6);7 first order Jahn-Telier (JT) distortion of the resulting doubly 
degenerate 2E' state leads to two nondegenerate electronic states, 
2Aiand2Bz(Ci1-symmetry).7 The2A|Component(orbital5singly 
occupied) relaxes to a "trimethylene" structure (type A) with one 
lengthened (but not broken) C-C bond. This structure type has 
been assigned to many cyclopropane radical cations, based on 

* Support of lhis work by lhe National Science Foundation through Grant 
NSF CHE-9110487 is gratefully acknowledged. 

(1) Roth, H. D. Top. Curr. Chem. 1992. 163, 131-250. 
(2) Roth, H. D. Ace. Chem. Res. 1987, 20, 343-350. 
(3) The reactivity of 1"* has been studied in the gas phase.* Changes in the 

mass spectrum of the resulting ion(s) as a function of varying modes of ionization 
were interpreted as evidence that 1* suffers ring opening to penta-l,3-diene 
radical cation. This type of chemistry is not expected in solution. 

(4) Dass, C ; Peakc, D. A.; Gross, M. L. Org. Mass. Spectrom. 1986, 21, 
741-746. 

(5) An STO-3G calculation for 1* was carried out as a model for tricyclo-
[5.3.1.0u]undeca-2,4,9-triene with the vinyl group and two cyclopropane 
carbons held coplanar.6 

(6) Scott, L. T.; Erden, I.; Brunsvold, W. R.; Schultz, T. H.; Houk, K. N.; 
Paddon-Row, M. N. J. Am. Chem. Soc. 1982, 104, 3659-3664. 

(7) (a) Haselbach, E. Chem. Phys. Lett. 1970, 7,428. (b) Rowland, C. G. 
Chem. Phys. Lett. 1971,9,169. (c) Collins, J. R.; Gallup, G. A. J. Am. Chem. 
Soc. 1982, 104, 1530. (d) Bouma, W. J.; Poppinger, D.; Radom, L. lsr. J. 
Chem. 1983, 23, 21. (e) Wayner, D. D. M.; Boyd, R. J.; Arnold, D. R. Can. 
J. Chem. 1985, 63, 3283; 1983,61, 2310. (0 Du, P.; Hrovat, D. A.; Borden, 
W. T. J. Am. Chem. Soc. 1988, 110, 3405. (g) Krogh-Jespersen, K.; Roth, 
H. D. J. Am. Chem. Soc. 1992, 114, 8388-8394. 

either CIDNP8 or low-temperature ESR spectra,910 as well as 
various electron-transfer-induced ring-opening reactions." 

5 A 6 B 

Substitution at a single carbon may preferentially stabilize the 
2Bz component (orbital 6 singly occupied), generating a structure 
in which two C-C bonds are lengthened (type B). Since several 
species of type B have been invoked on the basis of CIDNP 
effects,'2 structures 2-4b + are considered for the radical cations 
of 2-4. In addition, we consider structures of type A, viz., 2-4a"f, 
and ring-opened bifunctional structures, i.e., 2-4c"+ (type C), 
which have minimized strain energies, albeit at the expense of 
diminished deloca I izat i on. Ring-opened structures of type C have 
been invoked for l-aryl-2-vinylcyclopropane radical cations.13 

2a" + V—' 2b-+ ^ ^ 2c-+ 

The irradiation of chloranil in the presence of 2-4 gave rise 
to CIDNP effects which, in each case, allow the unambiguous 
assignment of the radical cation structure. The photoreactions 
underlying these effects involve electron transfer from 2-4 to 
triplet chloranil; the resulting radical pairs undergo hyperfine-
induced intersystem crossing; singlet pairs then recombine to 
regenerate the reactants with polarization patterns reflecting the 
hyperfine coupling (A) patterns of the radical cations. Since 
three of the polarization determining parameters are known (^, 
i > 0; Ag < 0), the hyperfine coupling pattern can be derived 
from the CIDNP effects, revealing the spin density distribution 
and, hence, the structure of the radical cationic intermediates.2 

CIDNP effects induced in the norcarene radical cation14 and 
the EPR spectrum of this species have been mentioned previously;15 

a prominent hyperfine coupling (A ~ 50 G) was assigned "to a 
single axial B proton in the 4-position". However, the delocal-
ization of spin and charge onto the cyclopropane ring was not 
discussed. The CIDNP spectrum features strong emission for 
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the multiplet near 1.80 ppm (H-4 
syn.antii 

H-5^,OT,;);16 enhanced 
absorption for the multiplets at 5.42 ppm (H-3) and 1.23 ppm 
(H-I, H-6); and emission for the multiplet at 0.68 ppm (H-
1syn,ami)- Enhanced absorption signals indicate negative values 
of AK for the corresponding 1H nuclei, caused by positive electron 
spin densities at carbons C-I, C-3, and C-6 via T,C polarization; 
the emission signals are characteristic for positive values of Au 
caused by T,C delocalization (hyperconjugation) of spin density 
at an adjacent carbon. Overall, the effects support a radical 
cation, 3 + , with spin and charge delocalized between the olefmic 
group and the Walsh orbital of the (more highly substituted) 
internal cyclopropane bond. 

The CIDNP effects observed for carene suggest a different 
structure. The three methyl groups show strong emission, 
indicating positive spin density for carbons C-3 and C-7, to which 
they are attached; weakly enhanced absorption for signals at 
5.55 (H-2) and 0.9 ppm (H-I) indicate weak positive spin density 
at C-I and C-2; the signal of H-6 (0.7 ppm) shows emission, due 
to ir,<r delocalization of the positive spin density at C-7 (and C-1). 
These results suggest a radical cation, 4'+, in which spin and 
charge are delocalized between the olefmic group and the Walsh 
orbital of the (more highly substituted) lateral cyclopropane bond. 
The change in structure (4+ to 3-+) caused by the introduction 
of the geminal methyl groups at C-7 reflects a more stable radical 
cation due to the hyperconjugative interaction with the methyl 
groups. 

Surprisingly, the CIDNP effects observed for 2 also indicate 
conjugation of the (less substituted) lateral, and not the (more 
highly substituted) internal, cyclopropane bond with the olefmic 
moiety. The effects observed for 2 are particularly clear-cut, 
since all protons are fully resolved (Figure I).17 The key to the 
structure of 2-+ lies in the prominent enhanced absorption signals 
of H-3 (5.2 ppm) and H-6^„ (0.2 ppm) and the strong emission 
of H-4OT„ (2.4 ppm), H-4J>7,(2.2 ppm), and H-5 (1.5 ppm). This 
polarization pattern supports a species with spin density on C-3 
and C-6, indicating the delocalization of spin and charge into the 
lateral cyclopropane bond. Weakly enhanced absorption observed 
for H-2 (5.8 ppm), H-6mll (0.8 ppm), and H-I (1.75 ppm) and 
weak emission for H-5 further support this structure type. 

We rationalize the involvement of the less substituted lateral 
bond of 2 instead of its more highly substituted internal bond as 
reflecting the need for orbital overlap. The bicycloheptene system 
is quite flexible, allowing either its internal (3"+) or its lateral 
cyclopropane bond (4+) to align with the alkene p-orbitals. In 
contrast, the bicyclohexene system appears more rigid, allowing 
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Figure 1. 'HNMRspectra (250 MHz) of acetone-d6 solutions containing 
20 mM each of bicyclo [3.1.0] hex-2-ene and chloranil in the dark (bottom) 
and during UV irradiation (top). The identity of the CIDNP signals is 
assigned in the figure; the signals of an impurity (2.8 ppm) and of the 
residual protons of the solvent (2.0 ppm) have been omitted in both traces 
for reasons of clarity. 

only the lateral cyclopropane bond efficient overlap with the alkene 
p-orbitals (I+). The more flexible substrate, 3, delocalizes spin 
and charge into the more highly substituted bond, whereas the 
more rigid substrate, 2, involves the less highly substituted 
cyclopropane bond, because it allows more significant orbital 
overlap. The involvement of the lateral bicyclohexene bond in 
delocalizing spin and charge is also supported by ab-initio 
calculations, carried to the MP2/6-31G* level of theory. The 
lateral cyclopropane bond is lengthened (C1-C6 = 1.748 A), and 
carbons C3 and C6 carry prominent spin density, with lesser spin 
density at C2 and Ci.18 

In summary, CIDNP data observed during the photoinduced 
electron transfer reactions of 2, 3, and 4 support two different 
structure types for the respective radical cations, in which either 
the internal (3,+) or a lateral cyclopropane bond (2+, 4+) 
delocalizes spin and charge. These results raise interesting 
questions concerning the preferred site and the stereochemistry 
of nucleophilic capture. We are currently probing these aspects 
in a variety of chiral substrates. 
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