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Abstract: For the f i s t  time, chemical electron transfer (CET) studies have been conducted for the tricycl0[3.2.0.0~~~]- 
hept-6-enes 2 and the quadricyclanes 3 in solution. The 2,4-dimethyl-substitted bicyclo[3.2.0]hept-6-ene-2,4-diyl 
radical cation 2a*+, generated by trisarylaminium salt oxidation of 2a, is intramolecularly trapped by the juxtaposed 
cyclobutenyl double bond to afford the quadricyclane radical cation 3a'+ in addition to the expected 1,Zmethyl 
migration to the bicyclo[3.2.0]hepta-2,6-diene radical cation Cia*+. Radical cation 3a'+ leads to the norbomadiene 
4a by valence isomerization and the bicyclo[3.2.0]hepta-2,6-diene 5a by skeletal rearrangement. For comparison, 
oxidation of quadricyclane 3a yields exclusively norbomadiene 4a. Whereas the 2,4-diphenyl-substituted bicyclo- 
[3.2.0]hept-6-ene-2,4-diyl radical cation 2b'+ derived from 2b is intramolecularly trapped by the juxtaposed 
cyclobutenyl double bond to afford norbomadiene 4b and bicyclo[3.2.0]hepta-2,6-diene 5b through the quadricyclane 
radical cation 3b'+, the quadricyclane 3b yields on oxidation also 5b besides 4b. These experimental facts are 
rationalized in terms of distinct radical cation structures, namely the n complex (oxidation of the lateral cyclopropane 
bond) and trimethylene (oxidation of the intemal cyclopropane bond). Their preferences are dictated by the substrate 
structure, Le., tricycloheptene 2 versus quadricyclane 3 as well as by the substitution type (phenyl versus methyl) 
and is corroborated by AM1 calculations. 

Introduction 

1,3-Cyclopentanediyl radical cations derived from 2,3- 
diazabicyclo[2.2.l]hept-2-ene-type @BH) azoalkanes and bicyclo- 
[2.1 .O]pentanes (housanes) exhibit a high tendency for rear- 
rangement by 1,2-hydrogen or 1,2-alkyl (spiroalkyl) shift, as 
confirmed earlier by liquid-phase PET' and recently by CET 
studies? and by ESR spectroscopy on y-irradiated material under 
matrix i ~ o l a t i o n . ] ~ ~ ~ ~ ~  Such rearrangements do not occur in 
significant amounts, if at all, in the corresponding 1,3-diradicals.4 
While for the 1,3-~yclopentanediyls trapping experiments with 
dioxygen5 or nitroxides6 as diradical scavengers were applied 
as mechanistic tools, such trapping studies are rare for the 
corresponding 1,3-diyl radical cation intermediates. However, 
for other radical cation systems there do exist numerous studies 
on reactions with nucleophiles. Besides trapping of 1 ,Zradical 
cations through intermolecular reactions with alcohols, amines, 
and nitriles' or through intramolecular the scaveng- 
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ing of distonic radical cations is also known.I0 It was reported 
recently that radical cations generated through SET from 
monocyclic and bicyclic azoalkanes were efficiently trapped by 
methanol or acetonitrile;" however, attempts to scavenge 
intermolecularly radical cations derived from DBH derivatives 
or housanes with these nucleophiles were futile.I2 

Previous intramolecular trapping experiments in our labora- 
tory with an olefinic alkyl chain,I3 linked at the bridgehead 
position of DBH, also failed. Instead of addition to the 1,3- 
diyl centers, only two rearranged cyclopentenes were isolated. 
This result suggested that the rate of the intramolecular addition 
of the radical cation to the double bond was too low to compete 
with 1 ,Zhydrogen migration or electron back-transfer (BET) 
at the stage of the 1,3-diyl radical cation. Nevertheless, similar 
radical cation intermediates could be trapped by a hydroxy- 
functionalized alkyl chain and, thereby, spiro ethers were 
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isolated as cyclization products.I4 However, definitive conclu- 
sions were precluded due to the involvement of intermediary 
allyl cations, which mimic radical cation trapping. 

In view of these uncertainties on genuine intramolecular 
trapping of distonic radical cation species, we searched for a 
suitable model and selected the tricycl0[3.2.0.0'.~]hept-6-ene ring 
system for the present study. On one hand, this structure 
contains the bicyclo[2.1 .O]pentane moiety for generation of the 
desired 1,3-~yclopentanediyl radical cation by facile electron 
transfer oxidation of the central bond; on the other hand, the 
juxtaposed double bond through cyclobutene annelation should 
serve the purpose for intramolecular trapping. Furthermore and 
most convenient, its diradical chemistry was already examined 
by Paquette et 01. in the early 1970s.I5 Thus, thermolysis of 
azoalkane la  (eq 1) or housane 2a generates bicycloheptadiene 
5a and tropylidene 7a. The products were rationalized in terms 

x J Sa 

w 
7a 

of skeletal rearrangement. In contrast, the phenyl derivative 
2h or its azoalkane precursor 1 b yield exclusively quadricyclane 
3h on thermolysis (eq 2) ,  which rearranges at higher temper- 
atures further to norbornadiene 4h. Indeed, the formation of 

4b 

quadricyclane 3h suggests intramolecular trapping of the 1,3- 
diradical 2h" by the juxtaposed cyclobutene group. 

Recently we have shown that chemical electron transfer 
(CET) with tris(ary1)aminium salts constitutes an effective 
method to minimize electron back-transfer to 1,3-cyclopen- 
tanediyl radical cations derived from bicyclo[2.1 .O]pentanes.' 
The intermediary 1,3-diyl radical cations are generated catalyti- 
cally and rearrange regio- and diastereoselectively to the 
corresponding cyclopentenes.' Since intermediary donor- 
acceptor radical ions, i.e., contact ion pairs (CIP), solvent- 
separated ion pairs (SSIP), and free ions (FI), are not formed 
in the CET compared to the photoinduced electron transfer 
(PET) mode, alternative reaction channels for the 1,3-radical 
cation are minimized and excellent yields (>95%) of defined 
rearrangement products are obtained. 
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In the light of these relevant findings, it appeared worthwhile 
to examine the CET behavior of cyclobutene-annelated azoal- 
kanes 1, housanes 2, and the quadricyclanes 3. The fact that 
intramolecular trapping of the short-lived 1,3-diradical 2" was 
demonstrated, encouraged such trapping of the hitherto unknown 
1,3-diyl radical cation 2'+! Indeed, presently we report the 
successful intramolecular trapping of such novel 1,3-radical 
cations to afford, among other rearranged products, the nor- 
bomadienes 4a,h.I6 Our study provides valuable mechanistic 
insight into the chemical fate of radical cations derived from 
housanes 2 and quadricyclanes 3. 

Results 

Synthesis of Starting Materials. The azoalkanes la,h were 
prepared according to the Paquette procedureIs by cycloaddition 
of the corresponding i~opyrazoles~~ with cyclobutadiene, which 
was generated in situ by ceric ion oxidation of cyclobutadi- 
eneiron tricarbonyl.Ix Hydrogenation of azoalkane l h  with the 
palladium-on-charcoal catalyst afforded quantitatively azoalkane 
lb(H2).'" Photolysis of azoalkanes 1 yielded tricycloheptenes 
2a,hIS and tricycloheptane 2h(H3)I9 (entries 1-4 and entry 6, 
Table 1). Quadricyclane 3hI5 was obtained by thermolysis of 
azoalkane l h  at 135 "C (entry 5 ,  Table 1 )  and also by 
thermolysis of tricycloheptene 2h at 105 "C (entry 12, Table 
1 ). The hitherto unknown tetramethylquadricyclane derivative 
3a was obtained by benzophenone-sensitized irradiation ( I  > 
300 nm) of norbornadiene 4a (vide infra) and isolated by 
preparative GC. Norbomadiene 4h" was prepared by ther- 
molysis of quadricyclane 3h at 175 "C (entry 17, Table 1). 

Electron Transfer Reactions of the Hydrocarbons 2 and 
3. The product data are summarized in Table 1. Thus, catalytic 
oxidation of the bridgehead dimethyl-substituted tricycloheptene 
2a with tris(p-bromopheny1)aminium hexachloroantimonate 
(TBA'+SbCI(,-)70 afforded, independent of the solvent and 
within the error margins, the same product distribution of 
1,4,7,7-tetramethylnorbomadiene (4a), 3,4,4,5-tetramethyl bicyclo- 
[3.2.0]hepta-2,6-diene (5a), and the bicycle 6a with two allylic 
methyl groups (entries 7-9, Table 1). The three reaction 
products were separated by means of preparative gas chroma- 
tography, and the identity of 5a was confirmed by comparison 
with the literature spectral data." The structures of the hitherto 
unknown 2,3,4,4-tetramethylbicyclo[3.2.0]hepta-2,6-diene (6a) 
and norbomadiene 4a were assigned on the basis of their spectral 
data and homonuclear decoupling and NOE experiments. The 
structure of the rearrangement product 4a follows also from 
the highly symmetrical nature of its NMR spectrum (see 
Experimental Section). 

Contrary to the tetramethyl case 2a, the diphenyl-substituted 
derivative 2h afforded upon electron transfer oxidation the two 
products 4h and 5h in the nonpolar solvent chloroform (entry 
10, Table 1 )  and in the polar acetonitrile (entry 11,  Table 1 )  a 
third unknown product (18%), whose structure could not be 
determined due to decomposition during attempted silica gel 
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Table 1. 
Tricycloheptenes 2, and Quadricyclanes 3 

J.  Am. Chem. Soc., Vol. 11 7, No. 38, 

Product Studies of the Photolysis, Thermolysis, and Chemical Electron Transfer (CET) Reactions of the Azoalkanes 1, 

substrate conv.b mbb product distribution (%)b 

ennv s u u c m  R rcactionconditions' solvent (96) (%) 2 3 4 5 6 

1995 9695 

1 la Me 

2 $lN l b  l b  Ph Ph 
3 
4 l b  Ph 
5 lb  Ph 

6 $ lb(H2) Ph 

7 20 Me 
8 20 Me 
9 y h M e  

1 1  2b Ph 
12 2b Ph 

3a Me 

16 3 b P h  
l5 1 1  & 3b Ph 

~ 

hv (333-364). 20 "c CDCI, 

hv (333-364), 20 'c cDc13 
hv (333-364), 20 "C CD3CN 
hv (364 nm), Phzm 
135 "C, 3 h C1,CCCI~ 

hv (3337364). 20 'C CDCI3 

TBA", 20 OC -3 

TBA'*, 20 "C cHZC12 
TBA", 20 'C CD3CN 

TBA', 20 o c  -3 

105 OC, 3 h -4 
TBA", 20 'C CDlCN 

TBA', 20 'C 
TBA', 20 'C CD3CN 

TBA', 20 "C ( 3 x 3 3  

TBA', 20 O C  cDc1, 
_ _  .. 175 'C. 3 h a,cdcl2 

100 

100 
100 
100 
>95 

100 

100 
100 
100 

100 
100 
>95 

100 
100 

100 

100 
9 5  

>98 

>98 
>98 
>98 
>97 

>98 

95 
95 
96 

95 
95 
297 

99 
97 

97 

97 
>97 

10 24 
11 25 
11 25 

82 
70 [dl 

100 
100 

45 

a Up to 10 mol % of oxidant (TBA'+SbClG-) for complete conversion, 10 mol % of 2,6-di-terr-butylpyridine was added as base. Conversion, 
mass balance (mb), and product distribution (normalized to 100%) were determined by quantitative capillary GC analysis (error ca. 5% of stated 
value) or by 'H NMR spectroscopy (error ca. 10% of stated value). Starting material. A third unknown product (18%) was detected by 'H NMR 
spectroscopy but decomposed on silica gel chromatography. 

chromatography. The structures of the rearrangement products 
7,7-dimethyl-l,4-diphenylnorbomadiene (4b)I5 and 4,4-di- 
methyl-3,5-diphenylbicyclo[3.2.0]hepta-2,6-diene (5b) were as- 
signed on the basis of spectral data and homonuclear decoupling 
and NOE experiments. 

For the saturated, diphenyl-substituted tricycloheptane 2b(H2) 
chemical electron transfer afforded cis-3,4a-dimethyl-2,4/3- 
diphenylbicyclo[3.2.O]hept-2-ene [6b(H2)] as the exclusive 
oxidation product (entries 13 and 14, Table 1). Thus, for this 
substrate only 1,Zmethyl migration had occurred. 

Control experiments on the products confirmed that these 
olefins did not interconvert into each other under the employed 
electron transfer conditions. Furthermore, the possible involve- 
ment of acid-catalyzed rearrangement of the tricycloheptenes 2 
was probed by running the CET oxidations in the presence and 
absence of the hindered base 2,6-di-tert-butylpyridine. The 
unaltered product distributions confirmed that acid catalysis does 
not play a role on the time scale of the CET experiments. When 
a sample without base was allowed to stand at ambient 
temperature for up to 24 h, a decrease in norbomadiene 4a was 
observed without the formation of new products, whereas the 
other products persisted. However, this acid-catalyzed decom- 
position could be completely suppressed in the presence of the 
hindered pyridine base. 

The CET oxidations of quadricyclane 3a yielded exclusively 
norbomadiene 4a (entry 15, Table 1). Its phenyl analog 3b 
afforded, besides norbomadiene 4b, also bicycloheptadiene 5b 
(entry 16, Table 1). 

None of the azoalkanes 1 could be oxidized by TBA'+SbCLj-. 
Thus, the oxidation potentials of these azoalkanes are too high 
to permit CET with this one-electron oxidant. 

Discussion 
Quadricyclane (Q) and norbomadiene (NBD) are strained 

valence-isomeric hydrocarbons which interconvert under ap- 
propriate conditions. The energy difference between their 
radical cations NBDf and Q'+ is known experimentally from 

the ionization potentials of Q and NBD (7.86 and 8.43 eV) 
measured by photoelectron spectroscopy.21 Thus, NBD+ is 
around 13 kcdmol more stable than Q'+, an energy advantage 
similiar to solution data (7 kcdmol) based on the oxidation 
potentials of Q and NBD (0.91 and 1.54 V).22 Therefore, it is 
not astonishing that the only matrix-isolated product of ionized 
Q was the radical cation NBD'+ as confirmed by y radiolysis 
of NBD (eq 3).21a,23324 Similarily, the gas-phase radical cations 

P 
NBD NBD' BHD 

derived from Q and NBD by electron impact were found to be 
mutually indistinguishable by mass ~pectrometry.~~ Nonethe- 
less, the existence of the two distinct radical cations Q'+ and 
NBD+ and the expected hyperfine coupling pattem for Q'+ have 
been established by CIDNP results26 and pulse radiolysis2' 

(21) (a) Haselbach, E.; Bally, T.; Lanyiova, Z.; Baertschi, P. Helv. Chim. 
Acta 1979, 62, 583-592. (b) Martin, H.-D.; Heller, C.; Haselbach, E.; 
Lanyjova, Z. Helv. Chim. Acta 1974, 57, 465-472. 

(22) (a) Gassman, P. G.; Yamaguchi, R. Tetrahedron 1982, 38, 11 13- 
1122. (b) Gassman, P. G.; Yamaguchi, R.; Koser, G. F. J.  Org. Chem. 1978, 
43, 4392-4393. 

(23)Nunome, K.; Toriyama, K.; Iwasaki, M. Tetrahedron 1986, 42, 
6315-6323. 

(24) Gerson, F.; Qin, X.-Z. Helv. Chim. Acta 1989, 72, 383-390. 
(25) DolejSek, Z.; HanuB, V.; Prinzbach, H. Angew. Chem. 1962, 74, 

902. 
(26) (a) Roth, H. D.; Schilling, M. L. M.; Jones, G.; 11. J. Am. Chem. 

SOC. 1981, 103, 1246-1248. (b) Roth, H. D.; Schilling, M. L. M. J.  Am. 
Chem. SOC. 1981, 103, 7210-7217. (c) Raghavachari, K.; Haddon, R. C.; 
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studies in solution. Moreover, recently Q'+ was also directly 
spectroscopically observed by time-resolved ESR.'x 

One of the key questions in the Q-NBD system concems the 
rate of conversion of Q" to NBD'+. The ESR signals of Q'+ 
disappeared within 1.5 ,us after the laser pulse, but the decay 
process has as yet not been identified; possible pathways include 
(a) electron spin relaxation, (b) valence isomerization to NBD'+, 
or (c) undefined reactions with the solvent.lx Although the ESR 
spectrum of the bicyclo[3.2.0]hepta-2,6-diene radical cation 
(BHD'+) has been observed along with the cycloheptatriene 
radical cation (CHT'+) in the radiolysis of highly diluted 
solutions of Q under matrix-isolation (eq 3),"' no evidence for 
the conversion of Q'+ to BHD'+ (and also CHT") was found 
in solution.2x Important in this context is the observation that 
BHD" ring-opens to CHT+ in the matrix (eq 4).") However, 
this process depends on the matrix material since in the rigid 

R1iD RfiD'* 

p / 

BHD' 

CFClJ matrix ring-opening to CHT'+ occurs (thus, the ob- 
servation of C H T I  alongside BHD'+ from Q'+ is not surpris- 
ing). while in the mobile CF2ClCFCl2 matrix the prevalent 
process is deprotonation to the neutral bicyclo[3.2.0]hepta-2,6- 
diene-4-yl (BHD') radical by the bimolecular ion-molecule 
reaction, in which the proton is transferred to the neutral BHD 
molecule or to nucleophiles such as C1 ions."' 

With these reported spectroscopic studies on the complexities 
of the interconverting radical cations of the Q, NBD, and BHD 
valence isomers, we shall now venture into constructing a 
consistent mechanistic framework of our product data in Table 
1 .  Electron transfer from the housane 2 to the aminium salt 
ArJN" generates the initially puckered 1,3-~yclopentanediyl 
radical cation 2'+ intermediate (Scheme 1) .  As established in 
previous studies.' the puckered conformation of the radical 
cation 2'+ (Figure 1 )  places the s y  substituent into the preferred 
pseudo-axial position in almost coplanar alignment with the 2p 
orbital at the bridgehead positions; the pseudo-equatorial 
substituent is located essentially parallel to the nodal plane of 
the 2p orbitals. The 1,2-methyl migration of the pseudo-axial 
substituent should, therefore, be favored and thereby the 
diastereoselective formation of the bicycloheptadienes 6b(H?) 
and 6a from the housanes 2b(H?) and 2a is accounted for, after 
electron back-transfer (BET) either from Ar3N or the substrate.' 

AM 1 calculations3' for the housane radical cations 2a,h'+ 
(Figure I )  provide support for this mechanistic rationale. The 
methyl derivative 2a'+ possesses a higher local positive charge 
on each of the relevant 1.3-diyl centers than the phenyl 
derivative 2h'+ (0.25 uersus 0.15) due to delocalization of charge 

( 7 7 )  Gehicki. J. L.: Gehicki. J.; Mayer. J. Rtitlitit. Ph,~.r. Clicm 1987. 
30. I65 - 167. 

(28) Ishipro. K.: Khudyakov. I. V.: McGarry. P. F.: Turro. N. J.: Roth. 
H. D. J. ,4171. Clic~rti. Soc. 1994. 116. 6933-6934. 

(29) Chen. G.-F.: Wang. J. T.: Williams. F.; Relfield. K. D.: Baldwin, J. 
E. .I. Am. Ch~vri. Soc. 1991. 113. 9853-9855. 

(30) Frtucitano. A.; Ruttafava. A.; Martinotti. F.: Sustmann. R.: Korth. 
H.-G. J .  Chcru. Soc.. Perkiri Trtrns. 2 1992. 865-869. 

( 3  1 ) The AM 1 method was used. cf.: Dewar. M. J. S.: Zoebisch. E. G.: 
Heal?. E. F.: Stewart. J. J. P. J.  h i .  Chcwi. So(.. 1985. 107. 3902-3909. 
by employing the VAMP program on a Silicon Graphics Iris Indigo 
workstation: Rahaut. G.: Alex, A.: Chandrasekhar. J.: Steinke, T.: Clark. 
T. VAMP 5.0: Universitiit Erlangen. Erlangen. FRG. 1993. 

2'' 2a'+ th" 

Figure 1. The coplanar aliynment o f  the .sJri substituent (pscudo-axial) 
with the 2p orbital lobes in the tricycloheptene radical cation 2"' and 
the charge (qi) and .spiii dciisity (0 , )  distributions in the radical cations 
2a,h'+. 

Scheme 1 

a : R = M c  

b : R = P h  

4" 

i 6a" 

I 1 

RET I 

6a 4a.h 

into the aromatic ring.' A similar trend applies also in the spin 
densities. As a consequence, the higher positive charge on the 
methyl-bearing centers of the radical cation 2a'+ promotes ca. 
25% (entries 7-9, Table 1 )  1,2-methyl migration (path 2+ - 
6'+ - 6 in Scheme 1 )  in competition with intramolecular 
trapping by the juxtaposed cyclobutenyl double bond (path 2'+ - 3(1)*+ in Scheme 1). 

In comparison, for the saturated tricycloheptane derivative 
2h(H?), 1,2-Wagner-Meerwein rearrangement represents the 
exclusive reaction path [ 100% 6h(H?), entries 13 and 14, Table 
13, while for the tricycloheptene 2h (entries 10 and 1 1 )  
intramolecular trapping by the juxtaposed cyclobutene group 
occurs exclusively and affords the bicycloheptadienes 5h and 
the norbomadienes 4h. Interestingly, compared to the tetra- 
methyl derivative 2a, chemical oxidation of the related phenyl- 
substituted housane 2h affords a much higher amount of the 
bicycloheptadiene 5b than the norbomadiene 4h (entries 10 and 
1 1  uersus entries 7-9, Table 1). The formation of the 
norbomadienes 4 unambiguously establishes that the quadricy- 
clane radical cation Y+ serves as an intermediate, which valence- 
isomerizes to the norbomadiene radical cation &*, as was proven 
for the parent system Q-NBD."-"' 
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0.072 0.077. 0.034 0.034 

- Ph 
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Figure 2. The trimethylene structure (tr-type) and the -7 complex 
illustrated for the quadricyclane radical cation Y+. 
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Since the one-electron oxidation of tetramethylquadricyclane 
3a affords exclusively norbornadiene 4a as rearrangement 
product (entry 15, Table 1). whereas its phenyl analog 3h yields 
also substantial amounts (45%) of bicycloheptadiene 5h besides 
the expected norbomadiene 4b (entry 16, Table l ) ,  the former 
product demands an additional precursor. We postulate that 
the ionized quadricyclane 3'+ gives rise not only to the 
norbomadiene radical cation 4*+ by valence isomerization but 
in a competing process also the bicycloheptadiene radical cation 
S+ is produced. This simplifies the ensuing analysis since only 
the quadricyclane radical cation needs to be considered. 

The electronic structure of the quadricyclane radical cation 
Q+ provides some insight on its dichotomous chemical 
behavior, for which the nature of the highest occupied molecular 
orbital (HOMO) of the parent radical cation is most revealing. 
As a simplified theoretical model let us consider cyclopropane, 
for which two structure types apply, which formally are derived 
from a pair of degenerate HOMOS (Figure 2). On one hand, 
the radical cation with a symmetric (S) singly occupied MO 
(SOMO) possesses a weakened (and thus lengthened) bond 
between a pair of carbon atoms, which is described as a 
trimethylene species with a one-electron bond between the 
terminal methylene groups (o-type radical cation); on the other 
hand, a radical cation with an antisymmetric (A) orbital as 
SOMO is best described as a n complex between ethylene and 
a methylene radical cation (n-type radical cation). Two of its 
carbon-carbon bonds would be weakened (and thus length- 
ened), whereas the third one would be strengthened (and 
shortened).32 Applied to the quadricyclane skeleton one obtains 
two distinct radical cations, in which either the internal (i) 
cyclopropane bond [as in 3(i)'+] or a lateral (1) one [as in 3(1)'+] 
is oxidized. 

The trimethylene-type structure has been assigned to many 
cyclopropane radical cations, based on either C1DNP3? or low- 
temperature ESR spectra.33 The existence of the ~ ' t  complex- 
type structure has also been established by CIDNP studies. 
However, to observe such transients spectroscopically, additional 
stabilization is essential, either by incorporation into an aromatic 
system like in the benzonorcaradiene case32i' or by double benzyl 

path A C, IO C, 1 

- 5" 

stabilization like in the spirocyclopropylfluorene derivative."c 
These structural features may explain why phenyl substitution 
in the housane 2h or quadricyclane 3h radical cations favor the 
z complex and increase. thereby, the proportion of bicyclo- 
[3.2.0]heptadiene product 5 compared to the methyl derivatives 
2a and 3a (entries 10 and 16 ziersm 7 and IS). 

AM 1 calculations3' on the quadricyclane radical cations 
3a,h" corroborate this anticipation. as reflected by the charge 
and spin density distributions in the radical cations (Figure 3). 
As is evident for the tetramethyl-substituted quadricyclane 3a*+, 
the summed positive charges (qi) and spin densities (9 , )  are 
centered mostly on the trimethylene part of the molecule (a- 
type radical cation), whereas for the phenyl derivative 3h" they 
are mostly on the ~t complex (Jr-type radical cation). Conse- 
quently, the preferred transition state for rearrangement of the 
radical cation 3a" possesses the trimethylene structure, whereas 
3b'+ the n complex. 

There remains the question of the rearrangement process in 
the laterally oxidized quadricyclanes 3a,h( I)*+ to afford the 
bicycloheptadiene radical cations 5a,h". In principle. two 
options are possible (Scheme 2): along path A the skeletal 
rearrangement of 3(1)'+ involves a 1 J-shift of the C'-C-.I bond 
to the distonic 1,4-radical cation and subsequent C I  -C-.I bond 
homolysis to afford S+, while along path B homolysis of the 
Cz-C, bond leads first back (see Scheme 1 )  to 2'' and CJ-C-.I 
bonding followed by C I - C ~  homolysis to S+. The latter 
sequence 3(1)'+ - 2'' -+ St (path B) has been proposed in the 
radiolysis of Q at high dilution and low temperatures.?" Were 
this to take place, in competition (path C) some W+ would be 
expected by a Cs to C2 1.2-shift. As a matter of fact, 

(32) (a)  Roth. H. D.; Schilling. M. L. M. Crrn. ./. Cltcwt. 1983. 61, 1027- 
10.35. (b)  Roth. H. D.: Schilling. M. L. M. J.  Aut. Chcwt. Soc. 1983. 105. 
6805-6808. (c) Roth. H. D.: Schilling. M. L. M.: Schilling. F. C. ./. Am. 
Chcwt. Soc. 1985. 107. 4152-4158. ( d )  Roth, H. D.: Du. X.-M.: Weng. H.: 
Lakkarriju. P. S . ;  Abelt. C. J. J.  Ant. Chcwt. S o c .  1994. 116. 7734-7752. 

(33) (a )  Qin. X.-Z.: Snow. L. D.: Williams. F. ./. Ant. Cltcvn. So(.. 1984. 
106. 7640-7641. (b)  Qin, X.-Z.: Williams. F. Tc.tr-uhcrlrort 1986. 42. 6301 - 
63 14. 
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Table 2. Heats of Formation [A& (kcaYmol)] for Some Relevant 
Valence Isomers of the C7Hs Hydrocarbons 

Adam et al. 

4a’+ via 3a(i)’+! For the phenyl derivative 2b, the first 
quadricyclane intermediate is again the laterally oxidized radical 
cation 3b(lr+, which rearranges either to 5b’+ or isomerizes to 
4b’+ via 3b(i)’+. Note in Table 1 (entries 10 and 11 versus 
entries 7-9) that tricycloheptene 2b affords a much higher 
amount of bicycloheptadiene 5 compared to tricycloheptene 2a. 
In line with this observation, in the case of the phenyl 
quadricyclane 3b one obtains Sb besides 4b, which indicates 
that 3b(l)’+ and 3b(i)’+ have similiar energies. Therefore, the 
barrier between 3b(l)’+ and 3b(i)’+ has to be small, whereas 
between 3a(l)’+ and 3a(iY+ it appears to be large. Consequently, 
the heats of formation should have the qualitative order 2b’+ 
> 3b(l)’+ * 3b(i)’+ for the phenyl case and 2a*+ > 3a(l)’+ > 
3a(i)’+ for the methyl case. 

In conclusion, an alternative entry to the valence-isomeric 
quadricyclane-norbomadiene system has been opened through 
intramolecular trapping by the juxtaposed cyclobutene group 
of the bicyclo[3.2.0]hept-6-ene-2,4-diyl radical cation 2+, which 
was generated by chemical electron transfer (CET) from the 
tricycl0[3.2.O.O~~~]hept-6-enes 2 with trisarylaminium salts. 
However, the quadricyclane radical cation 3” gives rise not 
only to the norbomadiene radical cation 4+ by valence 
isomerization of 3(i>’+, but in a competing process also the 
bicycloheptadiene radical cation S+ is produced from 3(1)’+ 
through skeletal rearrangement. Thus, for the first time the 
rearrangement of the quadricyclane radical cation to the bicy- 
cloheptadiene radical cation has been observed in solution and 
thereby we confirm its ESR detection in the previous matrix 
studies.29 AM1 calculations suggest two transition states for 
product formation, namely the trimethylene structure [3(i)’+] 
favored for the methyl derivatives 2a and 3a or the x complex 
arrangement [3(1)’+] preferred by the phenyl substrates 2b and 
3b. 

bH, 92 a0 63 58 44 

1,3-~yclopentanediyl radical cations, generated by the oxidation 
of simple bicyclo[2.1 .O]pentanes, react exclusively in the latter 
way (path C).’s2 However, the corresponding hydrocarbon 6 is 
only observed for the methyl derivative by starting from the 
tricycloheptene 2a (entries 7-9) and never by starting from the 
quadricyclanes 3 (entries 15 and 16). Therefore, the barriers 
between 2+ and 3’+ appear to be large and path B thereby 
improbable. Although the corresponding 1,3-diradical2” was 
proposed to rearrange to bicyclo[3.2.0]heptadiene 5 by c 4 - C ~  
bonding followed by C I - C ~  homolysis (eq l),I5 for the radical 
cation this pathway is uphill in energy. Experimental hydro- 
genation heats34 for the parent C7H8 valence isomers (Table 2) 
reveal that the tricycloheptene 2 should be about 12 kcaUmol 
higher in energy than the quadricyclane 3. Moreover, our AM1 
calculations suggest that the quadricyclane radical cation 3b’+ 
is about 5 kcal/mol of lower energy than the tricycloheptene 
radical cation 2b’+.35 Consequently, path A should be favored 
over path B. 

The formation of 5, especially of the methyl derivative 5a, 
by starting from 2 needs special consideration, because the 
oxidation of 3a yields exclusively 4a (entry 15). In the case of 
3a, the oxidation takes place at the intemal cyclopropane bond 
[what one would expect and what also the calculations suggest 
(see Figure 3)] to yield 3a(i)’+, which then valence-isomerizes 
to the norbomadiene radical cation 4a*+. In contrast, by starting 
from 2a, the first quadricyclane intermediate is 3a(l)’+, in which 
the lateral cyclopropane bond is oxidized. As postulated, this 
laterally oxidized quadricyclane radical cation yields the bicy- 
cloheptadiene radical cation Sa*+ through skeletal rearrangement. 
Thus, although the intemally oxidized quadricyclane radical 
cation 3a(i)’+ may be favored (see entry 15 and the AM1 
calculations for 3a’+), the intramolecular trapping yields first 
the 3a(l)’+ intermediate, which generates 5a’+ or isomerizes to 

(34) (a) Roth, W. R.; Adamczak, 0.; Breuckmann, R.; Lennartz, H.-W.; 
Boese, R. Chem. Ber. 1991,124,2499-2521. (b) Disch, R. L.; Schulman, 
J. M.; Sabio, M. L. J.  Am. Chem. SOC. 1985, 107, 1904-1906. 

(35) The Hf values are 165.8 kcaYmol for 2b and 156.9 kcaYmol for 
3b, whereas they are 367.2 kcal/mol for 2b’+ and 362.6 kcaYmol for 3b’+. 

Supporting Information Available: Experimental data (4 
pages). This material is contained in many libraries on 
microfiche, immediately follows this article in the microfilm 
version of the joumal, can be ordered from the ACS, and can 
be downloaded from the Intemet; see any current masthead page 
for ordering information and Internet access instructions. 
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