
           

Exergonic fragmentations in photogenerated zwitterions
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The competition between the fluorescent back-electron
transfer and the exergonic fragmentation of radical anions in
photogenerated intramolecular zwitterions showed that the
rate of fragmentation followed the driving force of the
reaction, with the notable exception of the most exergonic
case.

Mesolytic cleavages1 provide an excellent opportunity to
experimentally investigate the functional dependence of the
reaction rate (kinetics) on the driving force (thermodynamics)
for an elementary reaction. Several theoretical and experimental
studies have shown2 that quadratic (Marcus-type) free-energy
relationships may account for the main features of such
fragmentation reactions. Indeed, in many instances the cleavage
may be viewed as a dissociative intramolecular electron
transfer, and analyzed in similar terms.2

To date, most of the fragmentation data have been obtained in
the endergonic (or weakly exergonic) region. However, to better
define the curvature of the free-energy function for the cleavage
and to probe for the existence of an inverted region (similar to
that found in electron-transfer reactions), data in the highly
exergonic region are required. To probe such a regime, high-
energy radical ions have to be generated rapidly, and once
generated, they should be able to undergo fragmentation of a
homolytically weak bond, giving a stable ionic fragment.3

Based on work of Singer4 et al., we have designed an
experimental system (Scheme 1) wherein the radical ion pairs
(zwitterions) are generated by an intramolecular electron-
transfer from the excited state of the aminophenyl moiety to the
naphthyl ring bearing a suitable leaving group in a benzylic
position. The fluorescent back-electron transfer within the

zwitterion competes with the fragmentation of the benzylic
bond in the naphthyl radical anion, providing a sensitive handle
on the dynamics of the system.

UV–Visible spectra of all compounds5 in MeCN were very
similar, with the low-energy absorption band maxima at
325–330 nm. These bands was red-shifted (ca. 15 nm) and
significantly more intense than the corresponding band of
4-bromo-N,N-diethylaniline, suggesting some charge-transfer
nature of the transition (A? B). The degree of twist between
the phenyl and the naphthyl moieties in A in solution is
unknown and, therefore, the extent of the electronic coupling
between the donor (aminophenyl) and the acceptor (naphthyl)
could not be easily determined. The energy separation between
the ground state (A) and the Franck–Condon state (B) is ca. 87
kcal mol21.

All compounds showed fluorescence with lmax around 475
nm (1a has lmax of 454 nm). All the fluorescence bands had
identical shapes (widths) when recorded on the energy scale, but
their intensity varied strongly with the nature of the substituent
X (Fig. 1). The fluorescence corresponds4 to the transition from
the zwitterionic state (C) to the neutral state D (wherein the
twist and solvation status is that of C, rather than that of the fully
relaxed A). It is believed4 that degree of twisting in C should
approach 90°, but is probably somewhat less, leading to only a
partial electron transfer between the donor and acceptor
moieties.6 The energy separation between C and D is ca. 60 kcal
mol21 (68 kcal mol for 1a).

The oxidation potential of the donor part is 0.74 V vs. SCE,
and the reduction potential of the acceptor component is 22.38
V vs. SCE.7 The difference (3.12 eV) corresponds to the energy
separation between the neutral state (A) and the zwitterionic
state (C), assuming that the coulombic interactions (in MeCN)
between the cation and the anion and the electronic coupling
between them4,6 (which depends on the twist angle) are
relatively small. This approximation suggests that B?C and D
? A relaxation processes (solvent and internal) correspond to
ca. 15 and 12 kcal mol21, respectively (Scheme 1).

In the zwitterion C bearing a potential leaving group (1b–f)
the unimolecular fragmentation reaction (km) of the naphthyl-
centered radical anion (mesolysis) competes with the fluores-
cent decay (kf). Such an additional reaction leads to a non-
radiative depletion of C, and to the apparent change in the
fluorescent life-time and the quantum yield as compared to that
of the non-reactive model 1a (Fig. 1).

Scheme 1
Fig. 1 Steady-state fluorescence spectra of (a) 1a, (b) 1b, (c) 1c, (d) 1d and
(e) 1e recorded in acetonitrile under identical experimental conditions.
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Using the relative quantum yield data, and the fluorescence
lifetime of the model compound (1a), values for the rate of the
mesolysis (km) can be determined for each of the reactive
compounds8 (1b–f). In general, the lower the relative quantum
yield for fluorescence, the faster the rate of mesolysis. The
results of such calculations are collected in Table 1.

The thermodynamics of mesolytic cleavage was calculated
on the basis of a simple thermodynamic cycle (Table 1).1a,9 The
free energy of mesolysis (DGm) is a function of the free energy
of homolysis (DGh) of the scissile bond in the radical ion
precursor, and the difference (DE) in the redox potentials of the
radical ion and the ionic fragments produced. Specifically, in
this case DE is the difference between the oxidation potential of
the anion formed [Eox(X2/X·)] and the reduction potential of
the radical anion precursor (the reduction potential of the
naphthyl moiety Ered = 22.38 V vs. SCE). Thus, DGm = DGh
2 23.06 (Eox 2 Ered). The homolytic bond free energies are
available from the literature.10 The oxidation potentials of
various ions can be obtained from thermodynamic cycles11 or
from direct measurements.12

The obtained data clearly show that the fragmentation rate of
the radical anion correlates with the driving force for the
reactions. In general, the more exergonic the reaction, the faster
the cleavage of the radical anion, with the notable exception of
the bromide 1f. In this case the fragmentation reaction is five
times slower than that of the less exergonic chloride (1e).

The sub-nanosecond lifetimes observed for these cleavage
reactions are in general agreement with the reaction rates
observed for other radical anion fragmentations with similar
driving forces,2b,d,13 and are, perhaps, only slightly slower than
what would be expected for such exergonic processes based on
other literature data.2,13 This observation suggests that the
electronic coupling does not drastically diminish the electron
density in the naphthyl radical anions with the radical cation
moiety in the zwitterion.6

The molecules studied here provide rates for the most
exergonic mesolytic fragmentations studied so far. In this
context, the inversion in the free-energy profile that is observed
for the bromide (1f) suggests a possible existence of an inverted
region analogous to that observed in electron-transfer reac-
tions.14 To the best of our knowledge this would be the first
example of a reaction where bonds are broken (or made)
showing such a behavior. More data are necessary before any
firm conclusions can be reached, but the position of the
inversion point on the free-energy plot suggests that these
reactions have rather small intrinsic barriers.

According to the classical Marcus formulation,15 the top of
the parabola in the (log k) vs. DG plot should be located at the
DG value equal to four times the intrinsic barrier (with the
negative sign). In our case the maximum rate at best can be
halfway between the DGm values for the chloride and the

bromide. Such simplified analysis suggests that the intrinsic
barrier for the mesolytic cleavages of this type of radical anions
is ca. 7 kcal mol21 or less. This estimate is in very good
agreement with previous observations,2b,d,13 where the intrinsic
barrier was postulated to be between 8–4 kcal mol21.

The observation of a possible inversion point on the free-
energy function also suggests that the maximum rate for the
cleavage reaction of radical anions is up to two magnitudes
lower than what would be expected from transition state theory
with a transmission coefficient of unity. Such a result would
suggest that the electronic coupling between the p-system
bearing the unpaired electron and the s* orbital of the scissile
bond is not very strong.
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Table 1 Thermodynamic and kinetic data for mesolytic fragmentation

Compound

DGh(C–X)a/
kcal
mol21

Eox (X2)b/
V vs. SCE

DGm
c/

kcal
mol21 Frel

d km
e/s21

1a 77 20.12 25 1.00 —
1b 70 0.77 23 0.83 3.6 3 107

1c 51 0.28 210 0.71 7.2 3 107

1d 51 0.38 213 0.34 3.4 3 108

1e 65 1.62 227 0.02 8.6 3 109

1f 53 1.28 231 0.10 1.6 3 109

a Free energy of homolysis of the benzylic bond in the neutral molecule,
from ref. 10. b Oxidation potential of the anion formed in the cleavage, from
ref. 11 and 12. c Free energy of the mesolysis as calculated from the formula
in the text. d Relative quantum yields for fluorescence determined in
deoxygenated MeCN under argon, under identical experimental conditions
for all the compounds. e The rate constant for radical anion fragmentation
calculated as described in ref. 8.
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