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Abstract: The reaction of several bridged bicyclobutanes, 1-7, with photoexcited electron acceptors gives rise to strong nuclear 
spin polarization effects. These results are interpreted in terms of two different types of radical cation intermediates in which 
spin and charge are localized either in the transannular bicyclobutane bond (A) or in a ir orbital of the bridging moiety (B). 

A 1-7 B 

1, 6"-(CHg)3-; 2, B = -CH2CH=CH-; 3, B-CH2(O-C6Hi)-; 4, B = -(CH2)2-; 

5, B=-CH=CH-; 6, B=-0-C6H4-; 7, B-C1,8DCi0H6-

The chemical nature of the bridging unit determines the radical cation structures and influences the rearrangement pathways. 

Bicyclobutanes have long intrigued chemists because of their 
unique structure and their unusual reactivity.1 The central bond 
is formed by the overlap of nearly pure p orbitals, resulting in a 
rare negative 13C-13C coupling constant.2 The unusual hybrid
ization of the bridgehead carbon atoms (between sp and sp2) 
manifests itself in a large 13C-H coupling constant3 and in a 
bridgehead acidity similar to that of acetylene.4 The bicyclo
butane system has a large strain energy (64 kcal/mol),1 and the 
incorporation of an endo-endo bridge, as in derivatives 1-7, places 
additional constraints on the framework. A variation of the 
bridging chain length causes corresponding changes in the dihedral 
angle between the cyclopropane rings ("flap angle") and in the 
transannular C-C bond length.5 

The molecular orbital description of bicyclobutane is also un
usual. The HOMO (Ax) is bonding principally between the 
bridgehead carbons,6 whereas the next two lower orbitals (A2, B2) 
are bonding in the perimeter (Table I).7 The flap angle has a 
profound influence on the relative energies of these orbitals. Upon 
decreasing this angle, the gap between the two HOMO'S (Ax, A2) 
is diminished since the Ax and B2 orbitals decrease in energy, while 
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Table I. Molecular Orbitals of Bicyclobutane and Various Bridged 
Derivatives and Vertical Ionization Potentials (eV) Assigned to Them 

K̂ JK A ̂» 

ref 

bicyclobutane 
1 
2 
4 
5 
6 
7 

9.1 
8.7 
8.8 
9.4 
9.8 
9.7 
8.9 

11.2 
10.4 
10.88 
10.2 
10.8 

>11.1 
>10.2 

>11.5 
10.8 

>11.8 
11.5 

>12.2 
>11.1 
>10.2 

7 
7 
28 
7 
7,25 
22 
22 

Scheme I 

1, B =-(CHJ3-
4, B = -(CH2),-
-[1,S]C10H6-

; 2, B = -CH2CH=CH-; 3,B = -CH2(O-C6H4)-
; 5, B = -CH=CH-; 6,B= -0-C6H4-; 7,B = 

the A2 orbital increases in energy.7 The symmetry of these orbitals 
affects the interaction with suitably disposed moieties in the 
bridging unit. For example, the olefinic orbitals of benzvalene 
interact with several of the bicyclobutane orbitals. The interaction 
of the A2 orbital with the TT* orbital results in electron donation 
and causes a large downfield shift of the bridgehead protons.8 The 
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interaction of the B1 orbital with the IT orbital causes the latter 
to be raised further in energy making it the HOMO by a large 
margin.7 

The unique bonding in bicyclobutane is rivalled by a palette 
of interesting rearrangements. The following discussion will be 
restricted to bridged bicyclobutanes. Upon thermolysis many 
bridged bicyclobutanes undergo rupture of a pair of bicyclobutane 
bonds leading to cyclic cis,trans-dienes (Scheme I, a). In most 
cases these intermediates undergo conrotatory ring-closure to yield 
bicyclic cyclobutenes (b).9"11 Benzvalene (5) rearranges to 
benzene by a direct, allowed pathway (c),12 whereas naphthvalene 
(6) gives rise to benzofulvene (d).13 Protic acids attack the 
bicyclobutane system at the bridgehead position leading to the 
rupture of one bicyclobutane perimeter bond with retention of 
configuration. Under catalytic conditions Moore's hydrocarbon 
(I)14 and dihydrobenzvalene (4)9 rearrange to bicyclic vinyl 
cyclopropanes (e). In the case of homobenzvalene (2) the initially 
formed norcaradiene rearranges to cycloheptatriene.15 Benzvalene 
and naphthvalene both add protic acids, giving bicyclic vinyl 
cyclopropanes (f), but rearrange under catalytic conditions (Ag+) 
to the respective aromatic isomers (c).8'13 

Recently, Gassman and co-workers have shown that photoin-
duced electron-transfer oxidation of 1 gives an intermediate in 
which the bicyclobutane bridgehead bond is weakened.16 CIDNP 
effects observed during these reactions have corroborated the 
formation of such a radical cation and have established its hy-
perfine coupling pattern.17 We now present results for other 
bicyclobutane systems, 2-7, in which the structure of the bridging 
unit is varied in length and degree of saturation, and we examine 
the effect of the bridging group upon the structure and rear
rangement of the radical cation intermediate. To this end we have 
applied the CIDNP technique to the photoreaction of these bi
cyclobutanes with strong electron acceptors such as chloranil. In 
all cases, the CIDNP effects originate in radical ion pairs, which 
are generated by electron transfer to triplet excited chloranil. The 
sign and magnitude of the hyperfme coupling constant (hfc) of 
a particular nucleus in the radical cation is reflected18"25 in the 
signal direction and intensity observed for the same nucleus in 
the product. For the reactions discussed here, enhanced absorption 
indicates a negative hfc, whereas emission implies a positive hfc. 
In general, a negative hfc for a proton is evidence for positive spin 
density on the carbon to which it is bound. A positive proton hfc 
can be caused by hyperconjugation or homohyperconjugation with 
the unpaired spin. Accordingly, a positive hfc indicates spin density 
on a carbon one or two C-C bonds away from the nucleus in 
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Figure 1. 1H NMR spectra (90 MHz) of an acetone-d6 solution con
taining 0.02 M chloranil and 0.02 M benzohomobenzvalene (3) in the 
dark (bottom) and during UV irradiation (top). 

question. 

Experimental Section 
Bicyclobutanes 2-7 were prepared according to literature methods. 

Benzvalene,13 naphthvalene,13 and naphtho[l,8]tricyclo[4.1.0.02'7]hept-
ene11,26 were prepared by reaction of chloromethylene with cyclo-
pentadienyl, indenyl, and phenalenyl anions, respectively. Naphthvalene 
and naphtho[l,8]tricyclo[4.1.0.02'7]heptene were purified by chroma
tography (pentane) on Al2O3 (IV), whereas benzvalene was purified by 
preparative gas chromatography on a 6 ft X 3/s in. g'a s s column packed 
with 5% didecyl phthalate and 1.25% triethanolamine on 60/80 Chro-
mosorb G-AW. Dihydrobenzvalene was prepared by diimide reduction 
of benzvalene27 and purified by gas chromatography on the above col
umn. Homobenzvalene was prepared from benzvalene by the procedure 
of Christl and co-workers,15 which involves dibromocarbene addition, 
ring-opening, and consecutive removal of the bromine atoms by LiAlH4 

and Na/NH3 reduction. The resulting hydrocarbon was purified by gas 
chromatography. Benzohomobenzvalene was prepared from the di
bromocarbene adduct of 1,4-dihydronaphthalene by treatment with n-
BuLi10 and purified by distillation. 

The electron acceptor, chloranil (Eastman Organics), and the solvents, 
acetone-d6 (Aldrich), acetonitrile-rf3 (Merck Sharp and Dohme), and 
nitromethane-</3 (Aldrich) were used without further purification. 

Samples containing 0.02 M each of chloranil and bicyclobutane were 
deaerated by purging with Ar for 3 min and irradiated through Pyrex 
in the probe of a Bruker WH90 FT NMR spectrometer with the colli-
mated beam of an Osram 200W high-pressure mercury lamp. 

Results 
The CIDNP effects show a marked dependence on the bridging 

moiety. For bicyclobutane systems with a three-carbon bridge 
containing at least one methylene group, i.e., Moore's hydrocarbon 
(I),17 homobenzvalene (2), and benzohomobenzvalene (3), po
larization is observed prominently in rearrangement products. For 
1 and 3, electron transfer results in a rearrangement to 2-norcarene 
(8)17 and benzonorcaradiene (9), respectively. These products 
can be detected by NMR after several minutes of irradiation, and 
they show strong CIDNP effects during irradiation (Figure 1). 
Unlike 1, benzohomobenzvalene generates polarization in the 
rearrangement product exclusively. The polarized rearrangement 
product generated during the photoreaction of homobenzvalene 
has not been identified. However, norcaradiene and cyclo
heptatriene, both logical products on the CIDNP time scale, have 
been eliminated as viable candidates. With dihydrobenzvalene 
(4), in which the bridging chain is shortened, polarization is 
observed mainly in the starting material. The CIDNP effects are 

(26) Murata, I.; Nakasuji, K. Tetrahedron Lett. 1973, 47-50. 
(27) Christl, M.; Bruntrup, G. Chem. Ber. 1974, 707, 3908-3914. 
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Figure 2. 1H NMR spectra (90 MHz) of a nitromethane-^3 solution 
containing 0.02 M chloranil and ~0.1 M benzvalene (5) in the dark 
(bottom) and during UV irradiation at room temperature (middle) and 
at -30 0C (top). 

weaker than those observed in the case of Moore's hydrocarbon, 
little, if any, polarization is observed for a rearrangement product, 
and no products can be detected after extensive irradiation. 

For benzvalene (5), naphthvalene (6), and "pleiavalene" (7), 
whose bridging units contain ir systems but no methylene group, 
the CIDNP effects are markedly different from any described 
above. The photoreaction of 5 and 6 with chloranil gives rise to 
polarization for both the starting materials and the aromatic 
products, benzene and naphthalene, respectively (Figures 2 and 
3). The tendency of these compounds to rearrange under elec
tron-transfer conditions is altered relative to their thermal re
activity. Naphthvalene, which has a half-life of 31 h at 75 0C,13 

rearranges quantitatively within several minutes of irradiation. 
In contrast, benzvalene has a half-life of 0.2 h at 75 0C2 8 but is 
rather impervious to the electron-transfer-induced photoreaction. 
Indeed, the rearrangement to benzene and the polarization of this 
product can be suppressed completely at lower temperatures (-30 
0C, Figure 2). The photoreaction of 7 with chloranil, on the other 
hand, gives rise to weak polarization only for the starting material 
and not for the potential product, pleiadiene. This polarization 
is observed only at low substrate concentrations (~10~3 M), a 
common effect for polycyclic aromatic compounds.29 

Discussion 
The CIDNP results offer an insight into the structures of the 

intermediate radical cations. Of the molecules which show po
larization for the reactants, two structurally distinct radical cations 
are indicated. The first of these has been demonstrated previ
ously.17 In Moore's hydrocarbon the hfc's (negative for the bi-
cyclobutane bridgehead protons, positive for all others) identify 
the radical cation as one with positive spin density at the 
bridgehead carbons. The bicyclobutane central bond is, therefore, 

H0Hb Hc 1 
8 6 

Figure 3. 1H NMR spectra (90 MHz) of an acetonitrile-rf3 solution 
containing 0.02 M chloranil and 0.02 M naphthvalene (6) in the dark 
(bottom) and during UV irradiation (top). 

weakened or broken in the radical cation. Dihydrobenzvalene (6) 
displays the same hfc pattern, indicating an analogous radical 
cation structure. 

In contrast, the results for benzvalene and naphthvalene indicate 
completely different radical cation structures. A detailed analysis 
will be given for naphthvalene since it provides more information 
than does benzvalene. The most prominent feature of the CIDNP 
effects (Figure 3) is the strong emission of the bridgehead protons 
(Hc). Of the aromatic protons, those adjacent to the substituted 
aromatic positions, Ha, show little, if any, effect, whereas the 
remaining protons, Hb, display enhanced absorption. These results 
are consistent with a naphthvalene radical cation in which the 
unpaired spin occupies an orbital resembling the HOMO of 6. 
Photoelectron spectroscopy data and semiempirical calculations30 

have been interpreted as evidence that the HOMO of 6 is, in 
essence, an o-xylene-type HOMO with B2 symmetry. Electron 
density resides at the substituted aromatic carbons, and, to a lesser 
extent, on the carbons bearing Hb. The positive hfc for Hc results 
from a strong homohyperconjugative interaction with the x spin. 
The remaining bicyclobutane protons, Hd, show little polarization 
because of their orthogonal orientation relative to the partially 
occupied ir orbital. The naphthalene polarization is comple
mentary to the naphthvalene polarization and supports the same 
structure for the naphthvalene radical cation. Enhanced absorption 
is observed only for the /3 protons, whereas the a protons show 
little polarization. This polarization pattern differs from that 
induced in the naphthalene radical cation under analogous con
ditions. The photoreaction with chloranil gives rise to enhanced 
absorption mainly for the a protons (Figure 4). This pattern is 
fully compatible with the ESR spectrum of the radical cation in 
which the hfc of the a protons (5.5 G) is nearly 3 times as large 
as that of the /3-protons (2.1 G).31 The results observed in the 
naphthvalene isomerization are consistent with formation of a 

(28) Calculated from the activation energy (26.7 kcal/mol) and preexpo-
nential factor (\ogA = 13.7) as determined by: Turro, N. J.; Renner, C. A.; 
Katz, T. J.; Wiberg, K. B.; Connon, H. A. Tetrahedron Lett. 1976, 4133-4136. 

(29) Roth, H. D.; Schilling, M. L. M. Can. J. Chem. 1983, 61, 1027-1035. 

(30) Gleiter, R.; Gubernator, K.; Eckert-Maksie, M.; Spanget-Larsen, J.; 
Bianco, B.; Gandillon, G.; Burger, U. HeIv. Chim. Acta 1981, 64, 1312-1321. 

(31) Howarth, O. W.; Fraenkel, G. K. J. Chem. Phys. 1970, 52, 
6258-6267. 
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8.3 T. 5 
Figure 4. 1H NMR spectra (90 MHz) of acetone-rf6 solutions containing 
0.02 M chloranil and 0.003 M naphthalene (bottom) and 0.02 M 
naphthvalene (top), respectively, during UV irradiation. 

naphthalene radical cation after diffusive separation of the 
naphthvalene+'-chloranil"' pair. The /3 protons of naphthalene 
originate as the Hb and Hc protons of naphthvalene and display 
the polarization (enhanced absorption) complementary to the sum 
of the Hb and Hc polarizations. 

This line of reasoning applies equally well to benzvalene. The 
negative hfc derived for the ethylenic protons (Ha) is consistent 
with a radical cation in which spin and charge occupy an orbital 
resembling the HOMO of 5. Photoelectron spectroscopy and 
theoretical modeling.7,32 indicate that the HOMO of 5 is essentially 
the TT orbital possessing B1 symmetry. The bicyclobutane 
bridgehead protons (Hb) show a strong homohyperconjugative 
interaction, and the remaining protons show little effect because 
of their orientation. The benzene polarization (enhanced ab
sorption at room temperature) could be consistent with either a 
rearrangement of benzvalene radical cation after diffusive sepa
ration or with reaction of any benzene contaminating the sample. 
The analogy with the results observed for naphthvalene and the 
suppression of this effect at lower temperatures are taken as 
evidence that the benzene polarization indeed originates in the 
benzvalene radical cation. 

"Pleiavalene" (7) also displays effects indicative of a ir-radical 
cation. Enhanced absorption is observed mainly for the two a 
protons of the naphthalene nucleus. In contrast to the effects 
induced in benzvalene and naphthvalene, no polarization is ob
served for the bicyclobutane bridgehead protons. These results 
are fully compatible with the molecular orbital description of 7.30 

The HOMO of 7 is a naphthalene HOMO of A1 symmetry with 
electron density largely in the a positions. The failure to observe 
bridgehead polarization can be explained by the substantial energy 
gap (>2.65 eV) between the two orbitals of naphthalene and 
bicyclobutane and by an unfavorable geometry for orbital overlap. 

The CIDNP effects observed in systems that exhibit polarization 
for a rearranged product but not for the starting material provide 
some understanding of the rearrangement. First, the rear
rangement must be faster than geminate recombination (1-10 ns) 
since the CIDNP effects observed are identical with those gen
erated in the product radical cations under comparable condi
tions.29 Second, these rearrangements are electron-transfer induced 
and not acid catalyzed. This assignment is based on several lines 
of reasoning. The acid-catalyzed rearrangement of 1 and 3 could, 
in principle, be induced by adventitious or photogenerated acid. 
The former reaction must be eliminated since it would be expected 
to occur in the dark whereas the observed rearrangement requires 
irradiation. The light-induced acid catalysis would involve hy
drogen abstraction by the photoexcited quinone from the solvent 

f^f 

6,0 5.5 2.5 2.0 1.5 1.0 

Figure 5. 1H NMR spectra (90 MHz) of an acetone-rf6 solution con
taining 0.02 M chloranil, 0.02 M Moore's hydrocarbon (1), and 0.005 
M pyridine in the dark (bottom) and during UV irradiation (top). The 
polarized species observed is 2-norcarene (8). 

and generation of the corresponding hydroquinone. In this scheme 
the proton initiating the rearrangement originates in the solvent. 
Therefore, deuterium incorporation would be expected in deu-
terated solvents with exchangeable protons (deuterons). No such 
incorporation is observed. Moreover, light-induced acid catalysis 
would involve a slow buildup of rearranged material which would 
then enter the reaction cycle as an electron donor/quencher. 
However, low concentrations (2 X 10~3 M) of 8 and 9 do not give 
rise to sufficiently strong polarization to account for the effects 
observed during the reactions of 1 and 3. Furthermore, the 
addition of a base such as pyridine failed to inhibit the rear
rangement (Figure 5), whereas such a treatment is known to 
inhibit the acid-catalyzed rearrangement during the electro
chemical oxidation of I.33 Finally, no rearrangement of 4 to 
bicyclo[3.1.0]hex-2-ene is observed under these reaction conditions. 

Several observations can be brought to bear on the mechanism 
of the rearrangement of these bicyclobutane derivatives under our 
reaction conditions. First, all rearrangements are those of radical 
cations, and they appear to traverse unique reaction coordinates. 
The "relative rate" of rearrangement for the bicyclobutane radical 
cations with at least one methylene linkage in the bridge parallels 
the relative rates of the thermal rearrangements,9 which decreases 
in the order 2 > 1 > 4. Under electron-transfer conditions 2 
exhibits polarization largely for a rearranged species, 1 exhibits 
polarization for the rearranged species or the starting material 
depending on the solvent employed, and 4 exhibits polarization 
largely for the starting material. The products, however, are more 
reminiscent of the acid-catalyzed rearrangements (vide supra). 
Since in the case of 1 and 4 a radical cation with a broken central 
bond exists, it is likely that this is the primary species along the 
reaction coordinate. A cyclobutyl-cyclopropylcarbinyl type re
arrangement then gives an edge-weakened bicyclobutane, and a 
subsequent 1,3-hydride shift produces the radical cation of the 
final product. This type of rearrangement appears to have very 
specific geometrical requirements since it occurs readily for radical 
cations with a three-carbon bridge but not for those with a two-
carbon bridge. 

The rearrangements of 5 and 6 are different since the bi
cyclobutane central bond is not likely to be involved. Instead, pairs 
of non-adjacent bicyclobutane bonds are cleaved. This mode of 

(32) Harman, P. J.; Kent, J. E.; Gan, T. H.; Peel, J. B.; Willett, G. D. J. 
Am. Chem. Soc. 1977, 99, 943-944. 

(33) Gassman, P. G.; Yamaguchi, R. J. Am. Chem. Soc. 1979, 101, 
1308-1310. 
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reaction is caused by the weakening of the B2 perimeter bonds 
by electron donation to the half-filled ir orbitals. The ability of 
these radical cations to regenerate their neutral precursors indicates 
that significant barriers exist for aromatization. Such barriers 
have been implicated for the benzvalene radical cation in the gas 
phase.34 The electron-transfer-induced rearrangement of 
naphthvalene and the thermal rearrangement follow dramatically 
different pathways as shown by the dramatically different products. 

(34) Miller, D. L.; Gross, M. L. /. Am. Chem. Soc. 1983,105, 4239 (̂243. 

Conclusion 
CIDNP effects observed upon reaction of bridged bicyclo-

butanes with triplet chloranil are interpreted in terms of two 
different radical cation types. One structure type involves a 
weakened bicyclobutane central bond, whereas the other is a 
ir-radical cation. The latter is observed in benzvalene and 
naphthvalene where the energy of the 7r-bonding HOMO is raised 
because of the molecular symmetry. The former radical cation 
type is observed in Moore's hydrocarbon and dihydrobenzvalene. 
The two types of radical cations undergo different rearrangements. 
A skeletal rearrangement and a 1,3-H shift are observed in the 
case of Moore's hydrocarbon and of benzohomobenzvalene, 
whereas bicyclobutane-butadiene ring-openings are observed in 
benzvalene and naphthvalene. The field of radical cation rear
rangements, which traverse unique reaction coordinates, constitutes 
an important, emerging field of organic chemistry. 

Registry No. 1, 287-13-8; 2, 35618-58-7; 3, 96482-23-4; 4, 287-12-7; 
5, 659-85-8; 6, 34305-47-0; 7, 40480-63-5; chloranil, 118-75-2. 
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Abstract: The interaction of photoexcited electron acceptors with selected cyclopropane derivatives results in electron transfer 
and generates radical ion pairs. Nuclear spin-polarization effects observed during these reactions allow an insight into the 
structures of the intermediates. The radical cations can assume two different structure types, which are derived either from 
the 2A1 or the 2B2 cyclopropane radical cation. Spiro [cyclopropane-l,9'-fluorene] gives rise to a radical cation, 12, in which 
two cyclopropane bonds are weakened (2B2). In contrast, 2,3-benzo-5,6-cyclopropanorbornene has a radical cation, 16, in 
which a single cyclopropane bond is weakened (2A1). These structures can be rationalized on the basis of frontier molecular 
orbital considerations. 

In the framework of the continuing general interest in radical 
cations,1"4 those derived from strained ring hydrocarbons are 
attractive targets because they can assume a variety of interesting 
structure types.5"8 The relative energies of their accessible states 
are subject to substituent effects, and in selected cases, appro
priately chosen substituents can alter the ordering of states. For 
example, cyclopropane radical cations can assume either a "tri-
methylene" structure in which one C-C bond is weakened (type 
A) or a structure resembling a T complex, i.e., with two weakened 
C-C bonds (type B).5 A recent ab initio calculation of the cy

clopropane radical cation9 suggests that the lowest energy surface 
has low-lying saddle points corresponding to the general structure 
types 2A1 and 2B2. The minima are of lower symmetry and have 
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