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Organic radical cations in general, and those of
hydrocarbons in particular, have been studied widely
by ESR spectroscopy for the last 35 years.}® Their
importance as intermediates in chemical reactions
involving electron transfer and the relevance of ESR
spectroscopy as the method of choice for their studies
are uncontested. They can be generated from the
corresponding neutral compounds in fluid solution by
reaction with oxidizing agents as well as by electrolysis
or photolysis. The pertinent ESR spectra often exhibit
a highly resolved hyperfine pattern (line width 0.01
mT)* which provides detailed structural information.
However, the conventional methods fail when the
oxidation potential of the neutral precursor is too high
and/or when the radical cation is too reactive to persist
in fluid solution. Such cases have become amenable to
ESR studies by a procedure introduced in the early
1980s.5 This procedure makes use of Freon matrices
(Freon = halocarbon, e.g., CFCl;, CF;CICFCl,, or CF3-
CCls) which contain the precursor as a substrate and
which are subjected toionizing y-rays from a %Co source
at 77 K. Initially, the particles undergoing ionization
are the molecules of the Freon, because they greatly
outnumber those of the substrate. Subsequently, the
electron holes migrate across the matrix until being
trapped by the substrate, which has an ionization energy
lower than the Freon (ca. 11.5 eV). In such a way, it
is possible to convert organic compounds that are
relatively hard to oxidize into their radical cations. Being
immobilized in the rigid medium, many of these radical
cations are persistent and can be investigated by ESR
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spectroscopy from 77 K to the softening point of the
matrix (120-160 K). Usually, only the radical cation
of the substrate and/or its rearrangement product yields
observable spectra, because ESR lines of paramagnetic
species from Freon molecules are widened beyond
detection by ®F-hyperfine anisotropy.

The handicap of ESR spectroscopy of radicals in
glasses is the low resolution, due to the long rotational
correlation time. In the case of hydrocarbon radical
cations, lines are mostly broadened by proton-hyperfine
anisotropy which is neither efficiently averaged out as
in fluid solution nor resolved as in single crystals. The
information provided by such spectra is, at best,
incomplete. A remedy to this handicap comes from
ENDOR (electron nuclear double resonance) spectro-
scopy. Application of the ENDOR technique to radical
cationsin Freon matrices reveals structural featuresthat
are hard to come by elsewhere. This statement espe-
cially holds for radical cations of small hydrocarbons
presented here. In many cases, secondary radical
cations can also be studied in full detail, and more
insight is thus gained into the mechanisms of rear-
rangements and other sequential reactions.
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Figure 1. Schematic representation of proton-ENDOR signals,
observable (solid lines) and not observable (dashed lines) on our
instrument, for coupling constants |a| of different size. Taken
from ref 7.

Advantage of ENDOR Spectroscopy

A set of equivalent protons gives rise to a pair of
ENDOR signals, so that, with increasing size and
decreasing symmetry of the radical, the number of lines
grows additively and not multiplicatively asin the ESR
spectra.f28 When the value |a| of the proton-coupling
constant in megahertz (for g = 2.0023, 1 mT corresponds
to 28.025 MHz) is smaller than twice the frequency, vy,
of the free proton, the pair of signals occurs at vy +
1/,lal; i.e., it is centered at vy and separated by |a|. For
la| > 2vy, the low-frequency signal (vg - Y/sa|) is
“inverted” at the origin (0 MHz) and appears at !/5a|
- vy; the pair of signals is then centered at !/,ja| and
separated by 2vy. Inour ENDOR system, vy is typically
14.56 MHz. The upper limit of available frequencies
is 35 MHz, while the lower limit for largely immobilized
radicals lies at ca. 5 MHz. Consequently, the size of |al
determines whether two, one, or none of the signals can
be detected (Figure 1).

The resolving power of the ENDOR technique is
superior to that of ESR spectroscopy, and this en-
hancement of resolution is particularly impressive for
radical cations in Freon matrices. Whereas the width
of ESR lines is 0.2-0.5 mT under such conditions, the
corresponding ENDOR signals are only 0.3 MHz or
0.01 mT wide. Itis, therefore, surprising that ENDOR
spectroscopy, which has been used by many research
groups inside and outside the Basel laboratory for the
last 20 years,®® has hardly found its way into the field
of radical cations in Freon matrices. An obvious
advantage of the greatly enhanced resolving power of
the ENDOR experiment in this field is the observation

(6) Kurreck, H.; Kirste, B.; Lubitz, W. Electron-Nuclear Double
Resonance Spectroscopy of Radicals in Solution; VCH Publishers: New
York, 1988; (a) Chapter 2, (b) Chapter 5.

(7) Arnold, A.; Burger, U.; Gerson, F.; Kloster-Jensen, E.; Schmidlin,
S. P. J. Am. Chem. Soc. 1993, 115, 4271.
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Figure 2. Idealized proton-ENDOR signals for a quasi-axial
tensor of hydrocarbon radical cations in Freon matrices; con-
nection between the sign of the isotropic coupling constant @ and
the relative sizes of their anisotropic counterparts |4 and |A | |.
The “inverted” signals are starred. Taken from ref 7.

of hyperfine interactions which are masked by the width
of the ESR lines. Small |a| values and differences
between larger ones can now be measured precisely.
Moreover, it is often possible to determine the sign of
a, which is as relevant to the structure of a radical as
the absolute value |a].

In ESR spectroscopy, protons separated from a
w-center by 0, 1, 2, ... sp3-hybridized carbon atoms are
denoted o, 8,7, .... Coupling constants a of substantial
magnitude generally arise from a- and 8-protons. They
have a negative sign for the former and a positive one
for the latter, due to the different mechanisms of spin
transfer from the w-center to such protons (spin
polarization for o and spin delocalization or hyper-
conjugation for 3).%2 The sign of a can be determined,
because, in contrast to the corresponding ESR spec-
trum, the residual hyperfine anisotropy is frequently
resolved. It splits the proton-ENDOR signal into a
parallel and a perpendicular feature representing the
2- and (averaged) x,y-components of a quasi-axial
tensor. Wehave found that the constant, |4|, associated
with the parallel feature is larger than its perpendicular
counterpart |A ;| when the isotropic value a = 1/3(4; +
24 )) is positive; an opposite relation, |4;| <|A |, holds
for a negative sign of a (Figure 2). These relations are
rationalized as follows: A, A, and a have the same
sign, which is either positive or negative, whereas the
anisotropic contribution B to a, defined by A; = a + 2B
and A, = a — B, is throughout positive; furthermore,
|al, ||, and |A | | are much larger than B. With the sign
of a thus derived from the ENDOR spectrum and a
reliable prediction by theory, assignments of coupling
constants to protons in the radical cation can be made
when the two values have similar magnitude but differ
in sign. This information is the more valuable, as a
general-TRIPLE-resonance experiment® providing rel-

(8) Gerson, F. High-Resolution ESR Spectroscopy; Wiley and Verlag
Chemie: New York and Weinheim, 1970; (a) Chapter 1.5, (b) Chapter
2.1.
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ative signs of a is only rarely practicable on ENDOR
signals of radical cations in rigid solutions.

Application to Specific Radical Cations

ENDOR spectroscopy has substantially contributed
tothe full characterization of a number of radical cations
in Freon matrices which have been studied in Basel for
the last five years. All radical cations were generated
at 77 K by y-irradiation of these matrices containing
an organic precursor to be ionized as the substrate. The
following sections are headed by the names of such
precursors which formed radical cations upon ioniza-
tion. When only the spectrum of a secondary radical
cation was observed, the name of the corresponding
neutral compound is given, along with that of the
original substrate.

s-trans-Buta-1,3-diene (1) and Cyclobutene (2).
The ESR spectrum of 1°* in a CFCl3%1%!12 or a CF;CCl;
matrix!t (g = 2.0029) is a 1.1-mT quintet due to the
four protons in the 1,4-positions. Complete and more
precise hyperfine data are provided by the correspond-
ing ENDOR spectra. With CFCls, the signals are of
“isotropic” shape. A pair of them at vy £ !/5a| yields
the smaller |a| value for the two protons in the 2,3-
positions, while separate signals at vy + 1/5lal from the
exo- and endo-protons in the 1,4-positions indicate
distinctly different coupling constants of these pro-
tons.!? A general-TRIPLE-resonance experiment car-
ried out on the ENDOR signals indicates that all a
values have the same sign. The expectation that this
sign is negative, as required for a-protons, is borne out
by the ENDOR spectrum of 1°* taken with the CF3-
CCl; matrix, in which each of the signals reveals its
anisotropic features with |4 <|A ,|.1*>¢ Ttisnoteworthy
that the resulting isotropic values a are, in part,
markedly altered relative to those observed with the
CFCl; matrix (Scheme 1).

The ENDOR technique has also been applied to the
isomeric 2*+, which, in Freon matrices, gives rise to an
easily detectable ESR spectrum (g = 2.0030).11ab With
CF;CCls, a signal from the two a-protons is observed
at vy + !/4a|, along with that from the four 8-protons
at1/5a|-vy. Bothofthem aresplitintotwo: the former
by hyperfine anisotropy with |4;| <|A , |, thus confirming
the negative sign of a, and the latter, of “isotropic” shape,
by the symmetry-lowering effect of the matrix which
sepa:ates the set of four protons into two pairs (Scheme
.1

(9) Shida, T.; Egawa, Y.; Kubodera, H. J. Chem. Phys. 1980, 73, 5963.

(10) Gerson, F.; Qin, X.-Z. Helv. Chim. Acta 1988, 71, 1065.

(11) (a) Gerson, F.; Qin, X.-Z,; Bally, T.; Aebischer, J.-N. Helv. Chim.
Acta 1988, 71,1069, (b) Aebischer, J.-N.; Bally, T.; Roth, K.; Haselbach,
E.; Gerson, F.; Qin, X.-Z.J. Am. Chem. Soc. 1989, 111,7909. (c) Gerson,
F.; Qin, X.-Z.; Schmidlin, R. Unpublished a values for 1** in a CF3CCl;
matrix, slightly revised relative to those given in ref 11b.
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Figure 3. ESR (left) and proton-ENDOR (right) spectra of 3*+;
matrix and temperature as indicated. Taken from ref 7.

Upon photolysis (A = 450 nm) of 2** in a CFClsor a
CF3CCl; matrix, its ESR and ENDOR spectra are
replaced by those of 1°*+.11 It has been suggested!!P that
ring opening in 2** occurs in a nonconcerted way,
directly leading to 1** without the intermediacy of the
cis-configurated radical cation.

Bicyclo[1.1.0]butane (3) and Its 1-Methyl (4) and
1,3-Dimethyl (5) Derivatives. Contrary to what
might be expected, 3** is persistent in a CFCl; matrix;
i.e., it does not readily rearrange to the isomeric 2**
and/or 1°*.12 The ESR spectrum of 3** (g = 2.0039;7
Figure 3) exhibits a 7.71-mT triplet from the two axial
methylene protons (H,,), each component of the triplet
being split into a 1.14-mT quintet from both the two
corresponding equatorial protons (H,,) and the two
bridgehead protons (Hy). The |a(He)| and |a(Hyy)|
values differ, therefore, by less than the line width of
0.3 mT. Theory predicts that the central C(1)-C(3)
bond in 3°* is essentially due to one electron only and
that the singly occupied orbital at the two carbon atoms
forming this bond has predominantly p-character.1218
Consequently, C(1) and C(3) must be considered as
w-centers and Hy, as a-protons, while H,, and H,, are
8. The coupling constant a(Hy,,) should thus be
negative, whereas a(H,) and a(He,) ought to have a
positive sign.

Anisotropic features of ENDOR signals are observed
at vy + 1/5ja| from both Heq and Hy, (Figure 3).” Those
appearing at lower temperatures have been assigned to
H,g, because |A|| > |A,|. The others, which become
detectable only at higher temperatures, have |4)| <|A .|,
sothat an assignment to Hy isindicated. Thedifference
la(Hpy)| = la(Heg)| is merely 0.046 mT (Scheme 2).

The strikingly large coupling constant a(H,y), char-
acteristic of bicyclo[1.1.0]butane radical cations, is due
to the simultaneous linking of the methylene groups to
both C(1) and C(3), at which the spin-bearing p-orbitals
are in phase, as well as to the conformation of the C-H,,
bonds eclipsing these orbitals.!?>!4 The ratio a(H,s)/
a(H,,) = 6.75 points to a strongly puckered geometry
of 3**. By combining the experimental data with
theoretical calculations, a flap angle of 132.2° between
the C(1)C(2)C(3) and C(1)C(4)C(3) planes is obtained,

(12) Gerson, F.; Qin, X.-Z.; Ess, C.; Kloster-Jensen, E. J. Am. Chem.
Soc. 1989, 111, 6456.

(13) See also: Bally, T. J. Mol. Struct. (THEOCHEM) 1991, 227, 249,

(14) Whiffen, D. H. Mol. Phys. 1963, 6, 223.
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along with a C(1)-C(3) distance of 178.6 pm.i? (The
corresponding values for the neutral 3 are 121.7° and
149.7 pm.15)

The radical cations 4** and 5** (Scheme 2) are also
persistent in CFCl; matrices, and they give rise to
intense and well-defined ESR spectra (g = 2.0039).7
The positive sign required for the coupling constants
of the six methyl and the two equatorial methylene
B-protons in 5°* has been confirmed by the observation
of their ENDOR signals at !/5a| — vy and vy + /4a,
respectively; the anisotropic features of these signals
display|Ay| >|A .| Moreover, it has been inferred from
the hyperfine data for 3** and 5+ that a methyl group
at a quasi-m-center C(1) or C(3) of bicyclo[1.1.0]butane
withdraws ca. 15% of the spin population from this
center,” an amount somewhat larger than in methyl-
substituted “classical” w-radical cations.’®

Cyclohexa-1,3-diene (8) from Tricyclo[3.1.0.0%£]-
hexane (Dihydrobenzvalene; 6) and Cyclo-
hepta-1,3-diene (9) from Tricyclo[4.1.0.0%"]Jheptane
(Moore’s Hydrocarbon; 7). Insharp contrastto 3+t
5°*, the radical cations 6** and 7°*, i.e., those of bicyclo-
[1.1.0]butanes bridged in the axial 2,4-positions, donot
persist in Freon matrices at 77 K, but isomerize to those
of corresponding cycloalka-1,3-dienes 8°* and 9°*
(Scheme 3).7

The ESR spectra of the rearrangement products, 8**
and 9°* (¢ = 2.0029),!6 have been analyzed in detail by
ENDOR.” The study of 9**, in particular, provides a
paradigm for the utility of this technique when applied
to radical cations in Freon matrices. The wealth of
information derived from the ENDOR signals contrasts
with the relative paucity of data obtained from the
corresponding ESR spectrum. Forinstance, with a CF,-
CICFCl; matrix, the ESR spectrum of 9**, at its best
resolution (Figure 4), is a 2.81-mT triplet from the two
axial methylene 8-protons (Hg..p); a further splitting
into a 0.95-mT quintet arises from both the two
corresponding equatorial protons (Hg.,) and the two
a-protons (H,.;4) in the 1,4-positions. The 0.25-mT
triplet from the two a-protons in the 2,3-positions is
barely indicated, while the difference |a(Hg.eq)| —
la(H,.14)] and the coupling constant, a(H,), of the two
methylene y-protons entirely escape detection. The
ENDOR spectrum of 9** in a CF;CICFCl; matrix shows
signals of “isotropic” shape for all protons (Figure 4).
Those from Hg.oq and H,.14, both at vy + 1/5lal, can be
clearly distinguished. A splitsignal from H;..; appears

(15) Cox, K. W.; Harmony, M. D.; Nelson, G.; Wiberg, K. B. J. Chem.
Phys. 1969, 50, 1976.

(16) Former reports on ESR spectra of 8+ and 9°* in Freon matrices;
see, for 8°*, ref 9 and the following: Tabata, M.; Lund, A. Chem. Phys.
1983, 75, 379. See, for 9°+: Faucitano, A.; Buttafava, A.; Martinotti, F.;
Sustmann, R.; Korth, H. G. J. Chem. Soc., Perkin Trans. 2 1992, 865.
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at /4a| — vy, while H,.o3 and H, are represented by
pairs of signals at vy + 1/5lal. Asinthe case of 3-protons
in 2** (see above), the splitting of the signals from Hg.,,
and Hg..q is due to the symmetry-lowering effect of the
matrix. On changing to CF3CCls, all signals, except
those from H,, exhibit anisotropic features (Figure 4).
The relations |4;| < |A | for H,.;4 and H,53 and |4;| >
|A || for Hg.ex and Hg.eq are in accord with a negative
sign of the a- and a positive one of the 8-proton-coupling
constants. For a(H,), of which the residual anisotropy
is not resolved, theory requires a negative sign and
suggests that the observed signals are due to both
~-protons.

Deuterium labelings of 7 and 9 establish that the
first step in the isomerization of 7*+ to 9** is the cleavage
of thelateral (and not of the central) bond in the bicyclo-
[1.1.0]butane moiety of 7**; an analogous statement
shouid hold for the initial step in the rearrangement of
6°* to 8°*. It is possible that 7°* isomerizes into 9°* via
the short-lived radical cation of cis-bicyclo[3.2.0]hept-
6-ene (10), which readily undergoes ring opening to yield
9+ (Scheme 3).7

Tricyclo[3.1.0.026]hex-3-ene (Benzvalene; 11). As
11 is a monoene derivative of 6, one may expect, by
analogy with the facile rearrangement of 6°* to 8+, that
11** will rapidly isomerize to the radical cation of
benzene (12). Surprisingly, 11°* persists in a CF3CCl,
matrix up to 125 K, above which temperature it
rearranges to 12°*.17 The ESR spectrum of 11** (g =
2.0029) exhibits 2.79- and 0.835-mT triplets from the
two methine y-protons and the two ethenic a-protons,
respectively. A third triplet-splitting from the two
allylic 8-protons is too small to be resolved, but it is
revealed by a pair of ENDOR signals at vz % /5a|, a
negative sign of a(Hg) being derived from the anisotropic
features with |4| < |4,|.

The hyperfine data for 11** (Scheme 4) are ration-
alized in terms of the singly occupied orbital represented

(17) Gerson, F.; Arnold, A.; Burger, U. J. Am. Chem. Soc. 1991, 113,
4359.
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by the HOMO of ethene, albeit with very efficient spin
delocalization onto the bicyclo[1.1.0]butane moiety. In
accord with the results of a CIDNP study on the
oxidation of 11, MO models predict areduced negative
value of a(H,) and an unusually large positive one of
a(H,), due to a W or zigzag arrangement of bonds?®
favoring a strong long-range r—o interaction (through-

(18) Abelt, C. J.; Roth, H. D.; Schilling, M. L. M. J. Am. Chem. Soc.
1985, 107, 4148.

(19) Ruseell, G. A.; Holland, G. W.; Chang, K. Y.; Keske, R. G.; Mattox,
J.; Chung, C. S, C,; Stanley, K.; Schmitt, K.; Blankespoor, R.; Kosugi, Y.
J. Am. Chem. Soc. 1974, 96, 728317.
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bond mechanism?). The small negative coupling
constant a(Hp) is accounted for by the position of the
protons in the nodal plane of the r-system; this geometry
makes hyperconjugation ineffective, so that only spin
polarization (often neglected for 8-protons) contributes
to a(Hp).

Tetramethyleneethane (14) from Bicyclopropyl-
idene (13). In a CF3CCl; matrix, 13** is not persistent
at 77 K and undergoes opening of the two three-
membered rings to yield 14°*2! While the ESR
spectrum of 14°* (g = 2.0029) is a 0.75-mT nonet from
the eight protons of 14**,22 the corresponding ENDOR
spectrum shows two distinctly separate signals at »y +
1/,la| of “isotropic” shape, due to the sets of four exo-
and four endo-protons. The pertinent coupling con-
stants (Scheme 5) compare favorably with halves of
the a values (-1.481 and -1.390 mT) found for the
analogous protons in the 1,3-positions of the allyl
radical.?®

The neutral molecule 14, for which no Kekulé formula
with fewer than two unpaired electrons can be drawn,
has presumably a triplet ground state of Dog symmetry. 2
The same geometry, with two mutually orthogonal allyl
moieties, has been assumed for 14**, which should thus
be considered as positively charged biallyl with the spin
evenly distributed over both r-moieties.

Bicyclo[2.2.1]hepta-2,5-diene (Norbornadiene; 15),
Bicyclo[2.2.2]octa-2,5-diene (Dihydrobarrelene; 16),
and Bicyclo[2.2.2]octa-2,5,7-triene (Barrelene; 17).
The ESR spectra of 15°+,2528 16*+ (both g = 2.0030),2
and 17°* (¢ = 2.0025)%" in Freon matrices exhibit
splittings from protons with the largest coupling
constants only. The remaining smaller |a| values have
been determined from the corresponding ENDOR
signals at vy + !/4a}.26?”7 The signs of the coupling
constants (Scheme 6) are based on the observed
anisotropic components, |A;| and |A |, and/or on the-
oretical arguments,

Common to all three radical cations is the spin
delocalization over the two (15°* and 16°*) or three (17**)
ethenic m-systems; it manifests itself by the a-proton-
coupling constants being one-half or one-third of that

(20) Hoffmann, R. Acc. Chem. Res. 1971, 4, 1.

(21) Gerson, F.; de Meijere, A.; Qin, X.-Z.J. Am. Chem. Soc. 1989, 111,
1135.

(22) A similar nonet was reported for the radical anion 14*-: Bauld,
N. L.; Stevenson, G. R. J. Am. Chem. Soc. 1969, 91, 3675.

(23) Kochi, J. K.; Krusic, P. J. J. Am. Chem. Soc. 1968, 90, 7157.

(24) Dowd, P.; Chang, W.; Paik, Y. H. J. Am. Chem. Soc. 1986, 108,
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expected for the radical cation of ethene (-1.4 to -1.8
mT®), The interaction between the nonconjugated
n-systems in 15 and 16 is dominated by the through-
space mechanism, 228 g0 that the singly occupied orbitals
in 15°* and 16** are represented by the antibonding
combination (7_) of the two ethene HOMOs which lie
energetically above their bonding counterparts ().
Likewise, the corresponding orbital of 17** has three
nodal planes between the three constituent ethene
HOMOs; these planes coincide with those of the
individual w-systems and pass through the bridgehead
carbon and hydrogen atoms. It is noteworthy that 17
is an archetype of a Mébius molecule with Da;, symmetry
and that the relevant orbital belongs to Ay.22 The
nondegeneracy of this orbital and, therewith, of the
ground state of 17** complies with the fact that the
ESR lines can be saturated, which is the prerequisite
for a successful ENDOR experiment. (A contrary
behavior is usually found for the ESR spectra of radicals
with degenerate ground states.?0)

Additional structural features of 15°*, 16**, and 17+
are the small negative coupling constants of the
B-protons lying in the nodal planes of the singly occupied
orbitals. For 15** and 16**, these ¢ values are surpassed
by the positive ones of the ~-protons, due to an
arrangement of bonds favoring long-range 7=—¢ inter-
action.!®

2,3-Diazabicyclo[2.2.2]oct-2-ene (18). The pres-
ence of an azo group in 18 has far-reaching consequences
for 18+, the only radical cation in this Account
containing heteroatoms. In contrastto 15+, 16**, and
17°*, which are 7-radicals, 18** must be classified as a
g-radical obtained by removal of an electron from an

(28) Heilbronner, E.; Martin, H. D. Helv. Chim. Acta 1972, 55, 1490.
Goldstein, M. J.; Natowsky, S.; Heilbronner, E.; Hornung, V. Helv. Chim,
Acta 1973, 56, 294.

(29) Zimmermann, H, E.; Grunewald, G. L.; Paufler, R. M.; Sherwin,
M. A. J. Am. Chem. Soc. 1969, 91, 2330. Haselbach, E.; Neuhaus, L.;
Johnson, R. P.; Houk, K. N.; Paddon-Row, M. N. Helv. Chim. Acta 1982,
65, 1743.

(30) See, e.g.: Bolton, J. R.; Carrington, A. Mol. Phys. 1961, 4, 271.
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Figure 5. ESR (top) and proton-ENDOR (bottom) spectra of
18**; matrix and temperature as indicated. Reprinted with
permission fromref 34. Copyright 1988 Verlag Helvetica Chimica
Acta.
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antibonding combination (n_) of the two N lone pairs.3!
The very large 14N-coupling constant, diagnostic of the
o-character of the singly occupied orbital, has a pro-
nounced hyperfine anisotropy which, together with the
anisotropic g factor, makes the ESR spectra of 18'* in
CFCl; and CF3CCl; matrices difficult to analyze,32-34
even with the aid of the ENDOR technique. However,
when a CF;CICFC]; matrix is used, the ESR spectrum
(g = 2.0022) becomes essentially “isotropic” above 110
K. Whereas from the hyperfine spacing of this spectrum
by ca. 1.55 mT only the “N- and the largest proton-
coupling constant can be derived with a modest
precision,® the |a| values of all protons are readily
determined from the likewise “isotropic” ENDOR
signals at !/la} - vy for exo-protons and at vy % !/,la| for
the endo-protons and the bridgehead protons (Figure
5).3¢ The signs of a are those required by theory, and
they are in line with the general-TRIPLE-resonance
experiment performed on the ENDOR signals (Scheme
6). The ratio a(Hezo)/a(Hengo) = 11.2 emphasizes the
dependence of the long-range coupling on the orien-
tation of the C~H bonds relative to the spin-bearing
orbital n_.

Naphthalene (19). Although 19isthe nextaromatic
hydrocarbon after benzene, reliable hyperfine data for
19** were missing until a few years ago. Thisis because
oxidation of 19 in fluid solution yields merely the
dimeric radical cation 19,**,%5 while the poor resolution
of a highly “anisotropic” ESR spectrum of monomeric
19°* inglassy boric acid has led to an incorrect analysis.3¢
Only in a more recent work®” could a better resolved
ESR spectrum of 19°* in a CFCl; matrix (g = 2.0029)
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97, 1824.
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J. Chem. Phys. 1970, 52, 8258.

(36) Owen, G. S.; Vincow, G. J. Chem. Phys. 1971, 54, 368.

(37) Gerson, F.; Qin, X.-Z. Chem. Phys. Lett. 1988, 153, 546.
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be properly analyzed and satisfactorily reproduced by
computer simulation, owing largely to the use of the
ENDOR technique. The signals with pronounced
anisotropic features appear at vy + '/ja| from the
protons in the 1,4,5,8-positions and at vy * Y/oja| from
those in the 2,3,6,7-positions. The relation |4)| <|4,},
followed throughout in the spectrum, is in accord with
the negative sign required for the coupling constants
of these a-protons (Scheme 7).

The singly occupied orbitalsin 19** and in the radical
anion 19*-, having a vertical nodal plane through C(4a)
and C(8a), can be considered as a combination of the
corresponding orbitals in the radical ions, 1** and 1°-,
of buta-1,3-diene. Interestingly, theratiosof thelargest
avalues, (-0.740 mT)/ (-0.495 mT)3"38 for 19°*/19*-and
(-1.119 mT)/(-0.762 mT)13 for 1°*/1°*-, are almost
identical (ca 1.5) and distinctly higher than for the
radical ions of other alternant benzenoid hydrocarbons.8

Dodecahedrene (20) and Dodecahedradiene (21).
ESR spectra of both 20** and 21°* in Freon matrices
are dominated by g anisotropy (g: = 1.9881; g; = 2.0039;
g3 = 2.0329) and consist of three groups of equidistant
lines.*% From the quintets for 20** and the nonets for
21+, one derives average |a| values of 3.10 and 1.45mT
for four and eight equivalent 8-protons, respectively.
These values are corroborated by the corresponding
ENDOR spectra, which exhibit signals at !/sa| + vy
with distinct anisotropic features of a quasi-axial
tensor;¥ab the expected positive sign of the coupling
constants, a(Hpg), in question is confirmed by |A)| > |4, |.
The ENDOR spectra reveal also the presence of further
interacting protons with smaller |a| values; a pair of
signals at vy % 1/5a| with |A| > |A .| can be assigned by
MO calculations to one set of four v-protons in 21+ 40¢
(Scheme 8).

The finding that the major coupling constant for 21**
arises from eight equivalent §-protons and that it
amounts to half the corresponding a value of four
B-protons in 20** is of eminent structural interest. It
means that, upon ionization, a four-center, three-
electron system of Dy, symmetry is formed in 21°¥,
despite the transannular distance of 352 pm between
the two m-bonds. This system resembles that in
7,8:12,19-diseco-1,16-dodecahedradiene (pagodadiene),
where the corresponding distance is, however, only 262

(38) Gerson, F.; Weidmann, B.; Heilbronner, E. Helv. Chim. Acta 1964,
47, 1951,

(39) Levy, D. H,; Myers, R. J. J. Chem. Phys. 1964, 41, 1062.

(40) (a) Weber, K.; Prinzbach, H.; Schmidlin, R.; Gerson, F.; Gescheidt,
G. Angew. Chem., Int. Ed. Engl. 1993, 32, 875. (b) The signal at !/,ja| +
vy for 20°*, associated with 3.10 mT (87 MHz), was observed on an
instrument with a higher upper frequency limit than our ENDOR system
(courtesy of Bruker, Rheinstetten, FRG). (¢) Gerson, F.; Gescheidt, G.;
Schmidlin, R. Unpublished results.

(41) Prinzbach, H.; Murty, B. A, R. C.; Fessner, W.-D.; Mortensen, J.;
Heinze, J.; Gescheidt, G.; Gerson, F. Angew. Chem., Int. Ed. Engl. 1987,
26, 457.
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pm. Accordingly, in contrast to 21**, the radical cation
of pagodadiene is stable enough to be studied in fluid
solution.4!

Concluding Remarks

The radical cations described in this Account com-
prise a variety of basic organic species, starting from
the three C, isomers, 1°*-3**, proceeding to several Cq—
Cs hydrocarbons, such as 8, 9°*, 11**, and 14**-17°+,
and ending with the CgN; bicyclus 18°*, the Cyo acene
19*%, and the two Cy “cages” 20°* and 21**. As the
ENDOR technique is particularly efficient for radical
cations which do not exhibit very pronounced g and
hyperfine anisotropies, molecules containing hetero-
atoms, an extended =-system, or a bulky carbon
framework are generally disfavored. Oncoming studies
should reveal whether 18°+-21** represent borderline
cases in this respect. Because of anisotropic contri-
butions to the coupling constants, ENDOR signals from
a-protons are usually broader and less readily detected
than those from the 8- and vy-protons. These contri-
butions tend to average out at temperatures as high as
allowed by the persistence of the radical cation and the
softening point of the Freon glass; a similar effect is
achieved by using the “mobile” matrix CF.CICFCl,
instead of CFCl; or CF3CCl,;. Nevertheless, while strong
anisotropies are detrimental to the observation of the
ENDOR spectra, small residual hyperfine anisotropy
is often welcome, because its resolved features provide
valuable information not available from signals of
“isotropic” shape. This information on the sign of the
proton-coupling constant a is a further bonus of the
ENDOR spectroscopy, in addition to the full and precise
characterization of the radical cation by its |a| values.
Summing up, it may be said that the combination of
the powerful spectroscopic ENDOR tool with the
ingenious method to ionize organic molecules by y-rays
in Freon matrices has been very fruitful for the past
five years and it will certainly be so in the near future.
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