
J. Chem. Soc., Perkin Trans. 2, 1999, 1443–1446 1443

Evidence for a concentration dependent 6(7)Li NMR contact shift in
tetrahydrofuran solutions of lithium naphthalene radical anion and
the effect of added 6(7)LiCl
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The paramagnetic nuclear magnetic resonance shifts for 6(7)Li in tetrahydrofuran solutions of lithium biphenyl,
naphthalene, phenanthrene, anthracene and trans-stilbene radical anions have been measured as a function of the
radical anion concentration. The shift vs. concentration relationships are linear except in the case of naphthalene.
Both the observed molar shifts, δobs[

6(7)Li], and the corresponding contact shifts, δc, are equal for the two isotopes.
The paramagnetic shifts observed for THF solutions of 6(7)Li naphthalene radical anion increase with increasing
dilution resulting in a non-linear shift vs. concentration relationship. This relationship becomes linear in the presence
of 6(7)LiCl. A qualitative interpretation is proposed based on dynamic processes involving lithium cation exchange.
The relevance of these results to SRN1 reactions is noted.

Introduction
Lithium-6 and lithium-7 nuclear magnetic resonance spec-
troscopy has been used fairly extensively in recent years for
studying the structure of organic derivatives of lithium.1 There
is, however, a scarcity of reports on the application of the
method to the investigation of paramagnetic organic com-
pounds. Stable radical anions, with their unpaired electron and
a negative charge, can function as sensitive probes for the
investigation of solution structure. This is because the unpaired
electron of the radical anion interacts with the magnetic nuclei
of the lattice as well as with its broader environment. Using
NMR spectroscopy it is possible to measure very weak inter-
actions which are beyond the capabilities of present-day EPR
spectrometers. For example, it can be readily shown that for
protons a hyperfine splitting constant (hfsc) of 0.1 mT corres-
ponds to an NMR contact shift of 72 ppm at 36 8C. In a previ-
ous study from this laboratory the fluorenone radical anion has
been employed as a spin label in conjunction with 31P NMR
spectroscopy for probing interactions of alkali metal ions with
certain phosphorus ligands.2 Even weaker hyperfine inter-
actions have been measured between alkali metal fluorenone
radical anions and naphthalene from observations of the 13C
NMR shifts of the aromatic hydrocarbon.3 Radical anions of
aromatic hydrocarbons induce paramagnetic 1H and 13C NMR
shifts to the hydrogen and carbon nuclei of the solvent, tetrahy-
drofuran. These shifts are linearly related to the concentration
of the radical anion, thus indicating the absence of equilibria
involving diamagnetic or paramagnetic aggregates in this sol-
vent.4 Solvent and countercations are of paramount import-
ance and, for a given anion radical, are the factors which
determine the ion-pairing situation both in solution 5 and in the
crystalline state.6,7 It has been stated that X-ray studies of rad-
ical anions may be correlated to results from solution studies
and “provide insight into ion-pairing in solution”.6 Indeed, in
contact ion pairs, factors such as the hapticity of the cation–
anion pair can only be revealed by studies in the crystalline
state.6,7

Aromatic hydrocarbon radical anions have found consider-
able application in synthetic chemistry and especially for the
preparation of active metals 8 and in reactions involving cleav-
age of carbon-to-heteroatom bonds where they act either as

deprotecting agents 9 or as homogeneous sources of lithium
metal for the formation of C–Li bonds.10 In those cases where
the heteroatom is a halogen, lithium halide is a by-product.
Moreover, aromatic substitution by the SRN1 mechanism
involves radical anionic intermediates.11 It is of interest, there-
fore, to be able to examine the effect of additives such as lithium
halides on the structure of the radical anion solutions. Another
even more important reason for studying the interaction
between radical ions and metal derivatives, such as salts is the
possibility of generating materials with useful magnetic or elec-
tric properties.6,12 In this work we report the behaviour of 6(7)Li
paramagnetic NMR shifts as a function of the concentration of
the radical anions of biphenyl, naphthalene, phenanthrene,
anthracene and trans-stilbene. Furthermore, we also report on
the effect of added 6(7)LiCl on the structure of lithium naph-
thalene radical anion in THF. We have also studied the effect of
added 7LiCl to solutions of 6Li phenanthrene and anthracene
radical anion. It is appropriate, perhaps, at this point to men-
tion also a related paper by Takeshita and Hirota which reports,
inter alia, the case of sodium 2,29-bipyridyl radical anion in
dimethoxyethane which exhibits concentration dependent
23Na splittings.13 This is interpreted as arising from an equi-
librium between ion pairs and ion clusters. An early report
by Hirota and Weissman 14 deals with the rate of exchange
between sodium xanthone radical anion and sodium iodide in
dimethoxyethane. The authors report a bimolecular rate con-
stant at 25 8C of the order of 108 M s21 for the exchange
between sodium ions associated with the radical anion and
sodium iodide.

Results
Radical anions of biphenyl, naphthalene, phenanthrene,
anthracene and trans-stilbene were prepared by the reaction of
stoichiometric amounts of the aromatic hydrocarbon and 6Li or
7Li chips in 20 mmol quantities and in concentrations of ca. 1
M. This method differs markedly from that using alkali metal
mirrors in contact with solutions of the hydrocarbons.13,15 Our
method leads to solutions devoid of either any significant excess
of the hydrocarbon or any over-reduction product. The small
uncertainty in the amount of lithium introduced by the surface
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nitrides is minimised by the relatively large amount of radical
anion prepared. The lithium resonances were recorded for
solutions of various concentrations prepared by dilution of
the original concentrated solution. The plots of the shift, δ, of
either lithium isotope versus concentration were linear for all
the radical anions apart from that of naphthalene (Fig. 1, 2).
The molar paramagnetic lithium NMR shifts calculated from
the linear relationships are presented in Table 1.

The plot obtained for lithium naphthalene radical anion
(LiNap) is shown in Fig. 3. When the dilution was performed by
incremental addition of THF solutions of 6(7)LiCl to solutions
of 6(7)Li naphthalene radical anion, the shift vs. concentration
relationship became linear (Fig. 4). This latter experiment was
carried out in six variations depending on the isotopes used and
the nucleus measured. One signal was observed in all cases. The
experiments are summarised in Table 2 together with the values
for δobs measured from the linear relationships.

Dilution of a solution of 6Li phenanthrene and anthracene

Fig. 1 Observed 7Li NMR shift in solution of 7Li1 (phenanthrene)2?

in THF as a function of concentration.

Fig. 2 Observed 6Li NMR shift in solution of 6Li1 (trans-stilbene)2? in
THF as a function of concentration.

Table 1 Molar paramagnetic 6(7)Li NMR shifts (ppm mol21) for some
aromatic hydrocarbon radical anions and the corresponding contact
shifts (ppm mol21) in THF at 300 K

Entry Radical anion δobs(
7Li) δobs(

6Li) δc(
7Li) δc(

6Li)

1
2
3
4

Biphenyl
Phenanthrene
Anthracene
Stilbene

7.59
9.93
6.45
5.45

7.88
9.77
6.28
5.23

1.18
2.35
0.60
0.10

1.32
2.27
0.52

20.02

radical anions with a solution of 7LiCl in THF gave linear
δ(7Li) vs. radical anion concentration plots, from which values
for δobs(

7Li) of 9.72 and 6.32 ppm mol21 were obtained.
The paramagnetic shifts induced by chromium() acetyl-

acetonate in 6(7)Li nuclei were measured in THF solutions of
LiCl as a check for the validity for these nuclei of the formula
for the bulk paramagnetic shift.2 The molar paramagnetic shifts
of 26.47 and 26.21 ppm mol21 observed at 300 K for 6Li and 7Li
respectively agree very closely with the theoretical value of
26.19 ppm mol21.

Discussion
The molar paramagnetic lithium isotope shift parameters, δobs,

Fig. 3 Observed 7Li NMR shift in solution of 7Li1 (naphthalene)2? in
THF as a function of concentration.

Fig. 4 Relationship δobs(
7Li) vs. [7Li1 (naphthalene)2?] in THF in the

presence of 7LiCl.

Table 2 Molar paramagnetic 6(7)Li NMR shifts from combinations of
6(7)LiNap and 6(7)LiCl in THF

Isotope used to
prepare radical
anion solution

Lithium
chloride
added

Lithium
isotope
measured

δobs/ppm
mol21

7Li
7Li
6Li
6Li
7Li
6Li

6LiCl
6LiCl
7LiCl
6LiCl
7LiCl
7LiCl

6Li
7Li
7Li
6Li
7Li
6Li

18.85
18.57
18.87
19.15
18.02
19.32
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for biphenyl, phenanthrene, anthracene and stilbene, listed in
Table 1, indicate that they depend markedly on the nature of
the anion whereas, for a given anion, the values for the lithium
isotopes are equal within experimental error. The observed shift
is composed of two parts—one is due to macroscopic inter-
actions which are responsible for the so-called susceptibility
shift, while the other is due to hyperfine interactions which give
rise to the contact shift. The contact shifts, δc, listed in Table 1,
have been extracted from δobs parameters and the calculated at
300 K value of the susceptibility shift using eqn. (1).2

δc = 0.5(δobs 2 5.238) ppm mol21 (1)

For biphenyl, phenanthrene and anthracene, the contact
shifts are very small, suggesting that these radical anions exist
in THF in the form of loose ion pairs. On the other hand, from
the absence of any observed contact shift in the case of the
lithium stilbene radical anion, we conclude that the cation and
anion are solvent-separated.

Lithium naphthalene radical anion

The interpretation of the curvature observed in the case of the
shift versus concentration relationship for 6(7)Li naphthalene
radical anion is more challenging. It could be attributed to a
concentration dependent structure for the lithium naphthalene
radical anion. An equilibrium involving diamagnetic and
paramagnetic aggregates, for example, could explain a situation
such as in Fig. 3. However, the fact that the paramagnetic NMR
solvent shifts are linear with respect to the concentration pre-
cludes the occurrence of aggregation or the involvement of
diamagnetic–paramagnetic equilibria. We also note that the
hydrocarbon radical anions, unlike the bipyridyl 13 radical anion
or the fluorenone radical anion,16 lack electronegative atoms
which would promote cluster formation. The curvature should
therefore be attributed to some other effect and, since the sus-
ceptibility shift varies linearly with the concentration, we are led
to assign it to the hyperfine component of the shift. If this is the
case, then we are forced to conclude that the observed contact
shift is concentration dependent in this system. Furthermore,
we deduce that this shift increases with decreasing concen-
tration. This becomes more evident if we consider the normal-
ised with respect to the concentration shifts, summarised in
Table 3.

The normalised shifts, which actually correspond to molar
shifts at the specified concentrations, can be inserted into eqn.
(1) and the corresponding contact shift values extracted, 4th
column, Table 3.

The trend of increasing contact shift values with increasing
dilution could be explained if the ion-pair becomes tighter and
the covalency increases as the concentration decreases, but we
find this counterintuitive and difficult to understand. A reason-
able explanation arose as a result of a series of experiments
which examined the effect of added lithium chloride. At this
point, however, it could be appropriate to note that the counter-

Table 3 Paramagnetic NMR 7Li shifts (ppm), normalised shifts (ppm
mol21), and contact shifts (ppm mol21) in 7Li naphthalene radical anion
solution at various concentrations

Concentration Shift
Normalised
shift

Contact
shift

0.660
0.600
0.550
0.471
0.412
0.367
0.300
0.254

17.406
17.159
17.017
16.868
16.977
17.069
17.320
17.820

26.37
28.60
30.94
35.81
41.21
46.51
57.73
70.16

10.57
11.68
12.85
15.29
17.98
20.64
26.25
32.46

ion of naphthalene radical anion, and perhaps of any aromatic
hydrocarbon radical anion, should not be considered as an
integral part of the paramagnetic molecule. This then is the
justification for expressing the contact shifts in ppm mol21

rather than in ppm, as they should be expressed if the nucleus
were an integral part of the paramagnetic molecule, and there-
fore independent of the concentration.

The effect of added lithium-6(7) chloride

As described in the Results section above, we performed all the
possible combinations of 6(7)Li NMR experiments for 6(7)Li lith-
ium naphthalene radical anion in THF diluted by THF solu-
tions of 6(7)LiCl. In all cases only one NMR signal was observed
and the shift versus concentration plots were linear. The molar
shifts obtained from these plots agreed to within 5% or less of
the mean value. The implication is that the lithium associated
with the radical anion becomes indistinguishable from the lith-
ium of the added chloride and that the addition of LiCl lifts
the conditions responsible for the curvature observed in Fig. 3.
Given that LiCl in THF is a dimer,17 the exchange may be
represented as in eqn. (2).

7Li1 [C10H8]
2? 1 6Li2Cl2

6Li1 [C10H8]
2? 1 7Li6LiCl2

6Li1 [C10H8]
2? 1 7Li2Cl2

7Li1 [C10H8]
2? 1 7Li6LiCl2 (2)

The exchange may take place within an aggregate such as
[Li3Cl2]

1 [C10H8]
2?. The conclusion that there is a rapid

exchange on the NMR timescale between the lithium associated
with the radical anion and that from the added lithium chloride
is further strengthened by the observation that the 7Li shifts
measured after addition of 7LiCl to 6Li phenanthrene or
anthracene radical anion led to molar values of 9.72 and 6.32
ppm mol21, respectively. These values agree to within 2% of
those obtained with 7Li phenanthrene or anthracene radical
anion, entries 2 and 3, Table 1.

We may now speculate on the origin of the curvature in Fig.
3. For the lithium biphenyl, phenanthrene, trans-stilbene and
anthracene radical anions, where there is a linear shift vs.
concentration relationship, we assume that there is a dynamic
exchange of lithium cations between identical sites [eqn. (3)].
This is also exemplified by the linearity of the solvent shift vs.
concentration relationships for radical anion solutions where
all the solvent molecules experience an average of the bulk and
hyperfine paramagnetic effects.18

The less tight the ion pairs are, the more facile such a process
would be. Judging from the very small contact shifts in the cases
of the radical anions of biphenyl, phenanthrene and anthra-
cene, we conclude that they exist in the form of loose ion pairs,
while the lithium trans-stilbene radical anion, where no contact
shift is observed, is presumed to be a solvent-separated ion pair.
In contrast, lithium naphthalene radical anion exhibits a sub-
stantial contact shift which suggests considerable covalency
between the anion and cation and thus tight ion-pairing. Such a
situation would make cation exchange less favourable,19 and we
thus interpret the observed results as follows. At high concen-
trations there is a relatively rapid exchange of lithium cations
such as in eqn. (3).

A2? SnLi1 1 A2?SnLi1 A2?SnLi1 1 A2?SnLi1 (3)
(A = aromatic hydrocarbon; S = solvent molecule)

Such a process would be concentration dependent, becoming
less rapid at lower concentrations. Thus in dilute solutions the
cation is correlated for an increasingly longer time with the
anion, resulting in a situation where the lithium nucleus receives
an increasing amount of spin density from the paramagnetic
anion. This is manifested as a contact shift which increases in
magnitude with increasing dilution.

The network of exchange equilibria which have been demon-
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strated to exist in solutions of alkali metal aromatic hydro-
carbon radical anions is exemplified in Scheme 1 for lithium

naphthalene radical anion. Thus the lithium countercation may
exchange with another lithium from either a second lithium
naphthalene species or from added lithium chloride, while the
solvent in the coordination sphere of the lithium is in rapid
equilibrium with the bulk solvent.

It is felt that interactions such as that in eqn. (2) and Scheme
1 are of importance for understanding the elementary steps of
nucleophilic reactions involving radical or radical anionic
intermediates. For example, in the SRN1 mechanism, we could
have radical anion intermediates which would interact quite
strongly with the salts which provide the nucleophile. We would
thus expect a cation effect in these reactions. We could also
expect the radical anion–metal salt interactions discussed in
this work to provide the basis for synthetically useful chemistry.

Concluding remarks
The major conclusion derived from a broad range of experi-
ments involving measurements of paramagnetic NMR 6(7)Li
shifts in lithium aromatic hydrocarbon solutions in the absence
or in the presence of 6(7)LiCl in THF, is that the counterion
should not be considered to be an integral part of the para-
magnetic anion. This then implies that contact shifts experi-
enced by the positive ions are concentration dependent and
therefore should be expressed in ppm mol21 rather than in ppm.
In addition, the interaction demonstrated between radical
anions and a non-reducible metal salt could provide guidelines
for investigating new chemistry aimed towards either synthetic-
ally useful reactions or new functional materials.

Experimental
The nuclear magnetic resonance spectra were recorded using a
Bruker AC 300 MHz instrument operating at a probe temper-

Scheme 1

Li(thf)4
+

6(7)LiCl*Li(thf)4
+

*Li(thf)4
+ 6(7)Li(thf)4

+

Li(thf*)4
+

thf*

–•

–• –•

–•

–•

ature of ca. 300 K. Tetrahydrofuran was doubly distilled from
9-fluorenylpotassium shortly before use. 7LiCl was a commercial
product and was dried by heating under vacuum for several
hours. Radical anion solutions were prepared and standardised
as described previously.4 The 6(7)Li resonances were referred to a
1 M solution of 6(7)LiCl in D2O as external standard. Samples
for NMR measurements were prepared as described in a previ-
ous publication.20 Standard solutions were handled with
microsyringes.

Preparation of 6LiCl

Lithium-6 (1.5 g), cut into small chips, was added to 100 mL of
argon-saturated distilled water under an atmosphere of argon.
After complete dissolution of the metal, the solution was
neutralised with concentrated hydrochloric acid. The resulting
solution was evaporated to dryness under vacuum in a thin film
evaporator and the residue dried in vacuo (0.02 mm Hg) at
250 8C for 20 h.
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