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Competitive Intramolecular Electron Transfer and Sx2 Reactions of Radical Anions.
Effects of Solvent Polarity on the Reaction Mechanism
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The solvent effects on the chemical reactivities of the radical anions of 1-(4-biphenylyl)-w-chloroalkane have

been investigated by using a pulse radiolysis technique.

The reaction rates and reaction mechanism (intramolecu-

lar electron transfer and Sn2) were found to change as a function of the polarity of the solvent used. On the basis
of these results, it is discussed how their dichotomy takes place.

Since the pioneering studies of Kornblum,! Russell,?
and Bunnett,® electron transfer (ET) has become one of
the most fundamental processes in organic reactions.4)
One of the major subjects in modern physical organic
chemistry is a mechanistic evaluation of ET processes in
various well-known organic reactions. For example, in
nucleophilic substitution reactions, one unresolved
question is the relationship between ET and Sn2 mecha-
nisms,% i.e., how their dichotomy takes place? And, do
alkyl halide radical anions exist as discrete inter-
mediates?

In a previous investigation concerning the intramolec-
ular reaction of the radical anions of 1-(4-biphenylyl)-w-
haloalkane, an Sn2 reaction yielding a spirocyclic radi-
cal occurred competitively to an ET reaction, leading to
a terminal carbon radical.®)

It is well known that organic reactions involving
dipolar activated complex such as Sxl and Sn2 are
subject to solvent influence.”® Therefore, in the pres-
ent paper, in order to make the relationship between the
ET and Sn2 reactions clear, solvent effects on the com-
petitive intramolecular ET and Sx2 reactions in the
radical anions of 1-(4-biphenylyl)-w-chloroalkane (BP¢-
n; n=3, 4) have been investigated by using a pulse
radiolysis technique.

Experimental

1-(4-Biphenylyl)-3-chloropropane (BPc-3) and 1-(4-bi-
phenylyl)-4-chlorobutane (BPci-4) were synthesized by a pre-
viously described procedure.®

N, N-Dimethylacetamide (DMA), N, N-dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), hexamethylphosphoric
triamide (HMPA), and N-methyl-2-pyrrolidone (NMP) used
as a solvent were distilled over CaHs under reduced pressure.
The solutions were degassed in a vacuum line and sealed into
Suprasil quartz cells.

The samples were irradiated with a 3-ns pulse of 28 MeV
electrons from a linear accelerator at Osaka University. The
procedure and apparatus for pulse radiolysis experiments were
described in a recent paper.9

Results and Discussion

In a previous investigation concerning a one-electron
reduction of 1-(4-biphenylyl)-w-chloroalkane (BPci-n;

n=3, 4) in HMPA by pulse radiolysis,? it was shown
that an initial absorption band with Am.x at 410 nm due
to the corresponding biphenyl radical anion (1) decayed
by a first-order kinetics along with a simultaneous for-
mation of a new band with Amax at 330 nm (Fig. 1), which
was assigned to a spirocyclic radical (3) generated by an
intramolecular Sn2 reaction. This reaction occurred
competitively with an intramolecular ET reaction, lead-
ing to a terminal carbon radical (2), as shown in Scheme
1.
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Fig. 1. Transient absorption spectra observed with
BPc-n (n=3, 4) in HMPA solution (1X10~2 mol
dm~3): (A) BPc-3 (O) end of the pulse, (@) 8 ps after
the pulse; (B) BPc-4 (O) end of the pulse, (@) 4 ps
after the pulse. Absorption dose was 190 Gy/pulse.
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Scheme 1.

The rate constants for BP¢-3 and BP¢i-4 were 5.5X105
and 1.2X108s7! from the decay of the 410 nm band, and
5.4X10% and 1.1X108s7! from the formation of the 330
nm band, respectively. The relative fraction of the Sx2
reaction in the overall reaction of the radical anion (1)
indicated a AODgs/—AODu4o ratio (see Fig. 1; a
detailed description is found in Ref. 6) of 0.45 and 0.92
for BP¢-3 and BPc-4, respectively.

In various solvents such as DMA, DMF, DMSO, and
NMP (N-methyl-2-pyrrolidone), pulse radiolysis of
BPc-3 and BPc¢-4 were carried out with a 3-ns electron
pulse at room temperature. The initial absorption
spectra (Amax=410 nm) were quite similar to that
observed in HMPA. The decay of the 410 nm bands
followed first-order kinetics and the rates were inde-
pendent of the solute concentration in the 1X1073—
1X1072 moldm™3 range. These results indicate that the
decay reaction of the radical anion (1) proceeds
unimolecularly.

However, the decay rate constants of the 410 nm
bands (ks0/s™!) were dependent on the nature of the
solvent used. The correlation of the rate constants,
log k410, with empirical parameters reflecting the solvent
polarity was examined. Of the various parameters, a
rather good correlation was found with an acceptor
number (AN), which is a measure of electrophilic prop-
erties of the solvent.’® Plots of logkso vs. AN are
shown in Fig. 2, together with that for the formation
rate constants (ksso/s™!) of the 330 nm bands. It is
apparent that the rate constants increase with increasing
AN, namely the solvent polarity. Similar correlations
were also obtained when the Reichardt-Dimroth polar-
ity parameter, Fr(30),!1) was used.

The degree of solvation is related to the charge density
on the anion,” i.e., small anions with localized charge
are subject to more solvation than large anions with
dispersed charge. Such a different solvation for anions
in the transition state, reactants, or products causes
either a retardation or acceleration of the reaction rate.

The present results indicate that the radical anion (1)
in which negative charge is delocalized in the biphenyl
moiety is subject to moderate solvation, while at the end
of the reaction, the negative charge is localized in a
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Fig. 2. Relationship between the rate constants,
log k410 (O) and ksso (A), measured with BP¢-3 and
BPci-4 and the acceptor number (AN) of the solvent:
1, HMPA; 2, NMP; 3, DMA; 4, DMF; 5, DMSO.

dissociated chlorine atom. Therefore, stronger solva-
tions are expected for the leaving chloride ion than for
the biphenyl radical anion. Thus, an increase in the
solvent polarity resulted in an increase in the reaction
rate.

Contrary to the rate, a ratio of AODsso/ —AODaj (see
Fig. 1), which shows a relative fraction of an Sn2
reaction in the overall reaction of the radical anion (1),
decreases with increasing the solvent polarity, as shown
in Fig. 3. [It, thus, appears that the Sx2 reaction
becomes unfavorable in a more polar solvent in which
the reaction proceeds faster.

The two rate constants, ksi0 and ksso, measured in
each solvent are, nevertheless, in good agreement within
the experimental error, and the decay rate constants,
k410, measured with BP¢-3 and BPc-4 increased (as
parallel lines) with an increase in the solvent polarity
(Fig. 2). These results suggest that the bond-breaking



1670
1.0
e
3
a
o
Q
L
g 05
[\
o
2 BP¢ -3
ob L L 11| Rol | ¢ 1 1 gl 1
10 15 20
AN
Fig. 3. Relationship between a ratio of AODss0/

—AODyyo (see Fig. 1) measured with BP¢-3 and BPg-
4 and the acceptor number (AN) of the solvent: 1,
HMPA; 2, NMP; 3, DMA; 4, DMF; 5, DMSO.
This ratio is the average of three measurements with
an error less than 5%.

process, concerted with an electron shift which is
involved in both ET and Sx2 reactions, occurs as the
rate-determining step.

If a terminal chloride radical anion, ~-CHs"-Cl, is
formed as a discrete intermediate in an ET reaction,
leading to a terminal carbon radical (2), its rate is not
affected by the solvation of the leaving chloride ion. In
such a case, a first-order kinetic plot of the decay of the
radical anion (1) accompanied by the formation of
radicals (2) and (3) should not give a straight line.
However, in all radical anions (1) a straight line was
obtained. Accordingly, it is clear that the ET and Sn2
reactions involve a common mechanism in which an
electron is transferred from a biphenyl radical anion to a
terminal carbon accompanied by the simultaneous
release of a chloride ion, as shown in Scheme 2.

For nucleophilic substitution reactions, Pross and
Shaik512 have proposed that, at the transition state, one
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Fig. 4. Relationship between the rate constants,
log k410, and a ratio of AODazo/ —AODuyo (see Fig. 1)
measured with 1-(4-biphenyl)-4-iodobutane (BP:-4)
and 1-(4-biphenylyl)-4-bromobutane (BPs~4) in
HMPA and BP¢-4 in HMPA (1), NMP (2), DMA
(3), DMF (4), and DMSO (5).

half of the negative charge on the nucleophile anion is
transferred to the substrate, and that a negative charge is
localized in the leaving group, regardless of the position
of the transition state along the reaction coordinate.
However, when the nucleophile, leaving group, or sol-
vent is modified so as to make the reaction faster, the
energy barrier for the reaction becomes lower, and the
transition state occurs earlier, in accord with the
Leffler-Hammond postulate.1314

According to the proposed theory,512) a negative
charge is distributed to the biphenyl moiety and the
leaving chlorine atom in equal amounts in the transition
state (5). However, in a more polar solvent, which
increases the reaction rate, the transition state occurs
earlier, and the energy barrier for the reaction becomes
lower; hence, the elimination of the chloride ion
becomes faster. The transition state (5), consequently,
becomes harder to satisfy the Sn2 conditions, which
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Scheme 2.
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allows an attack of the central carbon in the axis of the
C-X bond and a partial bond formation in the transi-
tion state. That is, the probability of the formation of
the Sn2 transition state becomes lower. For these rea-
sons, an increase in the solvent polarity resulted in a
decrease in the fraction of the radical (3) generated by
the Sn2 reaction.

Consistent with these solvent effects, a good correla-
tion between the rate constants, log k410, and the fraction
of the Sn2 reaction in various systems including BPs-4
and BPi-4 was obtained, as shown in Fig. 4. It is
apparent that the fraction of the Sx2 reaction decreases
monotonously with increasing reaction rate [1-(4-
biphenylyl)-4-halobutane (BPx-4); ksuo: I>Br>Cl
(DMSO>DMF>DMA>NMP>HMPA)].® This
trend is consistent with the ease of reducing the alkyl
halides.’® Therefore, the Sx2 reaction seems to require
a reaction system in which an efficient release of a halide
ion does not occur.

On the basis of these results, we conclude that the ET
and Sn2 reactions involve a common mechanism, and
that the fundamental mechanistic difference between the
ET and Sn2 reactions is whether new bond formation is
synchronized to the concerted electron-transfer and
bond-breaking processes or not.
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