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Abstract: The gas-phase lithium cation
basicities (LCBs; Gibbs free energy of
binding) of ethyl-, n-butyl-, and n-hep-
tylbenzene have been measured by
Fourier transform ion cyclotron reso-
nance (FT-ICR) mass spectrometry. The
structures of the corresponding com-
plexes and their relative stabilities were
investigated through the use of B3LYP/
6-311G�(3df,2p)//B3LYP/6-31G(d) den-
sity functional theory calculations. For
n-butylbenzene and n-heptylbenzene,
the most stable adducts correspond to
� complexes in which the alkyl chain
coils toward the aromatic ring to favor
its interaction with the metal cation. The

extra stabilization provided by the flex-
ible alkyl chain polarized by the charge
on Li� is named the ™scorpion effect∫.
Conversely, these coiled conformations
are among the least stable in the neutral
system; they are not all stationary points
on the potential-energy surface. The
formation of complexes with a coiled
alkyl chain leads to a significant en-
hancement of the Li� bonding energies

(LBEs), which are approximately 20 ±
30 kJmol�1 higher than those calculated
for alkylbenzene � complexes in which
an uncoiled chain remains distant from
the cation and thus minimizes the scor-
pion effect. This enhancement is less
significant when LCBs are concerned,
because the scorpion effect is entropi-
cally disfavored. There is very good
agreement between the experimental
Li� gas-phase basicities and the calcu-
lated values, provided that the statistical
distribution of the conformers present in
the gas phase is taken into account in
this calculation.
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Introduction

Cation ±� interactions are among the important noncovalent
ones in the condensed phase, along with more conventional
ones such as hydrogen bonding, ion pairing, and hydrophobic
interactions.[1±8] They are crucial to the understanding of
molecular recognition phenomena, and in particular they are
involved in protein side-chain interactions, ligand ± receptor
bonding, ion channels, and biological catalysis, inter alia.
Interactions between ions and unsaturated hydrocarbons
were characterized in pioneering gas-phase studies by the
Beauchamp[9±11] and Kebarle[12] groups. Studies on the gas-
phase interaction between cations and Lewis bases have been
largely devoted to alkali metal cations.[1, 13±17] Apeloig et al.[18]

pointed out that such interactions are predominantly electro-
static; this was later confirmed by other authors.[19±24] Quan-
tum chemical calculations are increasingly associated with
experimental studies of ion ±molecule interactions in the gas
phase, with the aim of characterizing the structure of the
adducts or products and analyzing the experimental thermo-
chemical data. This was especially useful for establishing the
lithium and sodium cation affinity scales.[14±16, 25] The most
recent quantitative thermochemical data on aromatic com-
pounds[15, 26±28] indicate that their bonding to Li� and Na� is
quite strong, and comparable with that of nitrogen- or oxygen-
containing bases.
Another interesting peculiarity of alkali metal cations is

their ability to yield chelated complexes in which the metal
bridges two or more basic centers of the base. Indeed, these
bridged structures explained the enhanced Li� and Na�

binding energies of a series of triazoles, tetrazoles,[20] and
diazines.[21] AlcamÌ et al.[21] showed that these bridged struc-
tures are stabilized not only by the electrostatic interaction of
the metal cation with the basic sites, but also by the
polarization of both centers when the metal is more or less
equidistant from them.
There were also early indications that a flexible alkyl side

chain may interact with a metal cation bonded to a hetero-
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atom. Allison and co-workers[29±33] and Schwarz and co-
workers[34±38] showed that the alkyl chain might adopt a coiled
conformation, favorable to a stabilizing polarization by the
charge on the metal ion. In the case of transition-metal ions,
such adducts are invoked as a step toward the appearance of a
new, distant function. This process was referred to as ™remote
functionalization∫.[35, 38] By contrast, alkali metal ions form
stable adducts (with a few exceptions[9, 30]) with a variety of
organic molecules. Along with the ease of producing alkali
metal ions in the gas phase, this allowed the building of
comprehensive affinity scales. The Li� basicity scale was
developed extensively by Taft and collaborators.[1, 14] In
particular the effect of alkyl groups on the lithium cation
basicity of several series of bases was assessed. It was
suggested that ™alkyl groups can enter into chelate formation
with Li� by closing a five- or larger-membered ring through a
charge induced dipole interaction of sufficient magnitude to
overcome the entropy loss of ring formation∫.[1] This hypoth-
esis has been substantiated by ab initio calculations on
alcohols.[39, 40]

The aim of this paper is to show that cation/� complexes can
also clearly be stabilized in the gas phase by alkyl chains of
sufficient length, with three or more carbon atoms, as
substituents in aromatic systems. Compounds with high dipole
moments have the highest affinities for alkali metal ions, but
saturated and unsaturated hydrocarbons also exhibit signifi-
cant binding energies for these ions. We explore, both
experimentally and theoretically, cooperative effects of typ-
ically nonpolar moieties, such as the benzene ring and alkyl
chains of varying length, on Li� bonding.
For this purpose, the gas-phase lithium cation basicity

(LCB, also designated �G(Li�)), defined as the Gibbs free
energy of a base B for the process represented by Equa-
tion (1), was measured by Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometry for ethyl-, n-butyl-,
and n-heptylbenzene, and compared with the values estimat-
ed by high-level density functional theory calculations.

BLi� � B�Li� (1)

FT-ICR measurements : Lithium-cation-transfer equilibri-
um constants were determined by a method similar to that
described by Burk et al.[14] The main differences were the Li�

source and the working temperature. The lithium cation was
generated by laser ablation (pulsed nitrogen laser, 337 nm,
200 �J per pulse) from a lithium benzoate target, as a pellet
obtained by compression of the salt.[41] A small amount of
2-chloropropane was added to the system under scrutiny to
generate the propene/Li� adduct, which in turn transferred
Li� to ligands of larger LCB. Equilibrium constants were
determined at three or more different pressure ratios. The
total pressure, in the 10�5 Pa range, was measured with an ion
gauge. Reaction times were about 10 s. As there was no heat
source close to the ICR cell (except for the electromagnet
poles at about 30 �C, which were outside the vacuum
chamber), the experiments were conducted at close to 25 �C
(298 K). The experimental determination of the LCB for
ethyl-, n-butyl-, and n-heptylbenzene relied on 12 equilibrium
measurements; �LCB is reported in Table 1.

Relative LCBs of the three compounds were inferred from
a simultaneous optimization of the overlap of these exper-
imental data, together with 47 previously determined �LCBs
involving 29 compounds ranging (in order of increasing
LCB) from 2,2,2-trifluoroethanol to diisopropyl ether
(16 reference compounds;[14] six benzene derivatives;[26] ; the
three alkylbenzenes studied here; naphthalene, phenan-
threne, anthracene, and azulene[56]). The 59 �LCBs consid-
ered were treated by a multiple linear regression procedure
as used by Taft and co-workers[42] and according to the Free
and Wilson treatment.[43] Each experimental �LCB was
described by a series of 1 (presence) or 0 (absence) of LCB
intervals with no constant term being included in the model.
This led to a model explaining 99.05% of the variance in the
experiments.
Theoretical estimates showed that the change in LCB

between 298 K and 373 K is nearly constant (5.5 ±
6.7 kJmol�1) for different compounds. Therefore the errors
introduced by combining relative room-temperature LCB
values with the 373 K scale without temperature correction
were expected to be less than 1.2 kJmol�1 in general. In this
work, the values are anchored arbitrarily to the compound of
weakest basicity, CF3CH2OH. The resulting absolute LCB
values in Table 1 agree to within �3 kJmol�1 with the values
published in our previous study,[14] but the relative values are
more accurate, with uncertainties of the order of 1 kJmol�1 or
less. Comparison of the values obtained for substituted
benzenes and auxiliary compounds used to link them (Ta-
ble 1) with other published scales demonstrates that uncer-
tainties in absolute LCB values are greater in general, in the
� 5 ± 15 kJmol�1 range.

Computational Methods

The B3LYP density functional theory method, as implemented in the
Gaussian-98 series of programs,[44] which combines Becke×s three-param-
eter nonlocal hybrid exchange potential[45, 46] with the nonlocal correlation
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Table 1. Lithium cation basicity (LCB [kJmol�1] at 373 K[a]) for ethyl-
benzene, n-butylbenzene, and n-heptylbenzene.

Compound (B) Reference (Bref) �LCB [kJmol�1] LCB [kJmol�1]
Bref

[b] B[b]

CF3CH2OH 110.9[c]

Ph�Et Ph�CH�CH2 � 7.20(�0.50) 122.7 130.2
Ph�Me � 5.90� 0.46 124.2
MeCHO � 0.63� 0.89 130.4
EtCHO � 6.53� 0.20 136.3

Ph�nBu P�Et � 8.00� 0.15 130.2 136.4
EtCHO � 0.24� 0.22 136.3
nPrCHO � 2.90� 0.17 139.0
Et2O � 3.48� 0.13 140.4

Ph�(CH2)6�Me Et2O � 10.06� 0.14 140.4 150.1
(nPr)2O � 0.22� 0.10 150.0
Me2CO � 1.13� 0.11 151.1
(iPr)2O � 1.38� 0.31 151.5

[a] Temperature of the reference scale;[14] see text. [b] LCBs for the
compounds (B) studied here and for the compounds used as references
(Bref) obtained by a Free ±Wilson treatment; see text. [c] All values are
anchored to the experimental LCB of CF3CH2OH,[14, 26] which is the least
basic compound of the series involved in the Free ±Wilson treatment.
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functional of Lee et al. ,[47] is very well suited for the description of metal ion
complexes and for obtaining metal cation binding energies in fairly good
agreement with the experimental values.[48, 49] Its performance when
applied to Li� complexes has been assessed in several combined theoretical
and experimental studies.[14, 26, 48] Hence, we adopted this theoretical
method. The geometries of the alkylbenzene derivatives and their Li�

complexes were optimized by using a 6-31G(d) basis set expansion. The
same basis set was used to calculate the harmonic vibrational frequencies,
which allowed us to characterize the different stationary points as true local
minima of the potential-energy surface (PES) and to estimate the zero-
point energy (ZPE) corrections, as well as the vibrational thermal
corrections. The translational, rotational, and PV thermal contributions
were estimated as (3³2)RT, (3³2)RT, and RT, respectively. The corresponding
LBEs were evaluated by subtracting the energies of neutral species and of
Li� from the energy of the complex, after including the ZPE corrections
and the aforementioned thermal corrections at 373 K (the temperature of
the reference scale used to anchor our data).

Final energies were evaluated in single-point calculations at the B3LYP/6-
311G�(3df,2p) level. For n-heptylbenzene (1-phenylheptane), these calcu-
lations were carried out only for the following systems: 1) the neutral
conformers whose energies lie less than 7 kJmol�1 above the global
minimum, and their Li� complexes; 2) the Li� complexes whose energies lie
less than 7 kJmol�1 above the energy of the most stable one, and the neutral
species from which they are obtained.

For n-butylbenzene, but especially for n-heptylbenzene, it would be an
enormous task to account for all the conformers. Nevertheless, to consider
the most important ones systematically, we took as a starting point the
global minimum of the PES, the Hept1 conformer, in which the alkyl chain
is completely extended. We considered the isomers that could be formed by

torsion around the C1�C2, C2�C3, C3�C4, C4�C5, and C5�C6 bonds
(numbering as in Figure 1). The C1�C2 torsion would yield a conformer
with the alkyl chain in the same plane as the aromatic ring, but this
conformation is not a stationary point of the PES as it collapses to the
global minimum. The same behavior was observed for the n-propyl and n-
butyl derivatives. The C2�C3, C3�C4, C4�C5, C5�C6, and C6�C7 torsions
yield Hept2, Hept1 a, Hept1 b, Hept1 c, and Hept1 d conformers, respec-
tively (see Figure 1). Each of the conformers generated in this way can now
be taken as a precursor of new conformers by successive C�C torsions. For
instance, starting from the Hept2 conformer, C3�C4, C4�C5, C5�C6, and
C6�C7 torsions yield Hept2 a, Hept2 b, Hept2 c, and Hept2 d species,
respectively. Many of these possibilities, although not all, have been
explored, but for conciseness in the discussion that follows we shall
concentrate exclusively on the most stable ones to systematize the
discussion; these were numbered in order of stability. The omission of
many possible conformers from our survey has no significant effect on our
calculated values for the binding energies, as most of them lie more than
7 kJmol�1 above the global minimum and, therefore, would not contribute
significantly to the macroscopic thermochemistry at the experimental
temperature. Some others are very close in energy to, or almost degenerate
with, those considered in our calculations, and therefore their inclusion
would not change the calculated binding energies significantly.

Results and Discussion

Structures and relative stabilities : Schematized structures of
ethyl-, n-propyl-, and n-butylbenzene and of the Li� com-
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Figure 1. Schematic representation of the B3LYP/6-31G(d)-optimized geometries for the conformers of n-heptylbenzene (1-phenylheptane) and their Li�

complexes. The carbon numbering used for n-heptylbenzene is given (see Hept1).
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plexes obtained for each conformer are shown in Figure 2.
Their total energies, LBEs, and LCBs are summarized in
Table 2.

Experimental determination of the LCB of n-propylben-
zene was not essential for this study, but we included this
compound in our theoretical survey to visualize better the
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Figure 1. Continued.

Table 2. DFT-calculated total energy (E [hartrees]), zero-point energy (ZPE [hartrees]), entropy (S [Jmol�1K�1]), and relative energy[a] for neutral
conformers and the corresponding Li� complexes (�E and �ELi�, respectively [kJmol�1]), lithium cation binding energy (LBE [kJmol�1]), lithium cation
basicity (LCB [kJmol�1]) for alkylbenzene derivatives (1 hartree� 2625.50 kJmol�1).

System B3LYP/6-31G* B3LYP/6-311G�(3df,2p)
E ZPE S �E �ELi� E LBE LCB

Li� 133.043 � 7.284918
Et � 310.88025 0.15746 354.883 � 310.98379
Et ± Li � 318.23716 0.16010 377.648 � 318.33605 173 132
nPro1 � 350.19428 0.18600 386.392 0.0 � 350.31072
nPro1 ± Li � 357.55244 0.18867 408.596 1.0 � 357.66409 176 133
nPro2 � 350.19346 0.18618 383.572 2.6 � 350.30963
nPro2 ± Li � 357.55272 0.18858 400.819 0.0 � 357.66376 178 177[b] 135 136[b]

nBut1 � 389.50795 0.21456 418.467 0.0 � 389.63727
nBut1 ± Li � 396.86682 0.21722 440.010 4.5 � 396.99130 177 135
nBut2 � 389.50717 0.21481 414.316 2.7 � 389.63623
nBut2 ± Li � 396.86775 0.21714 430.178 1.9 � 396.99152 182 138
nBut3 � 389.50355 0.21480 414.496 12.2 � 389.63235
nBut3 ± Li � 396.86932 0.21799 413.931 0.0 � 396.99313 195 145
nBut4 � 389.50659 0.21458 421.931 3.6 � 389.63587
nBut4 ± Li � 396.86558 0.21721 446.190 7.8 � 396.99056 182 141
nBut5 � 389.50581 0.21487 414.329 6.4 � 389.63476
nBut5 ± Li � 396.86630 0.21721 428.927 5.9 � 396.99001 182 178[b] 138 135[b]

[a] Relative energies were obtained at the B3LYP/6-31G* level and include the corresponding ZPE correction. [b] Values obtained by taking into account the
statistical distribution of the most stable conformers of reactants and products; see text.
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Figure 2. Schematic representation of the B3LYP/6-31G(d)-optimized
geometries for the ethyl-, n-propyl-, and n-butylbenzene conformers and
their Li� complexes; � and � are the torsional angles connecting the
different conformers of n-butylbenzene. The carbon numbering used for n-
butylbenzene is given (see nBut1).

evolution of the conformational changes as the alkyl chain
length increases. For ethylbenzene, only the conformer in
which the carbon of the CH3 group is in a plane perpendicular
to the plane of the aromatic ring is a minimum of the PES.
This situation does not change upon Li� association. For
benzene derivatives like those included in this study, there are
always two kinds of � complexes that differ in the relative
positions of the metal cation and the alkyl chain: they may be
1) on the same side or 2) on opposite sides of the aromatic
ring. We have found systematically that complexes in which
the metal and the alkyl chain are on the same side are the
most stable. Therefore, we shall hereafter refer exclusively to
these complexes.
For n-propylbenzene, the two conformers shown in Figure 2

were found to be local minima of the PES, nPro1 being the
more stable. No conformer with the methyl group pointing

toward the aromatic ring was found to be a minimum.
Conversely, when the nPro2 conformer interacts with Li�, a
spontaneous C1�C2 torsion brings the methyl group closer to
the metal cation. Thus, in the nPro2 ± Li complex, Li�

interacts synergistically with the aromatic � system and with
the methyl group of the substituent. This complex is estimated
to be 2.5 kJmol�1 more stable than nPro1 ± Li (See Table 2).
For n-butylbenzene, the nBut1 conformer (see Figure 2), in

which the alkyl chain is completely extended, was estimated
to be the global minimum of the PES. The C1�C2 torsion
leads to a conformer in which the alkyl chain lies in the plane
of the ring. However, as mentioned above, such a conforma-
tion is not a stationary point of the PES as it collapses to the
global minimum. The C2�C3 torsion leads to the nBut2
conformer. Once more, the conformer corresponding to a
180� torsion around C2�C3, which brings the terminal
CH2CH3 group of the alkyl chain closer to the aromatic ring,
is not a local minimum of the PES. However, such a
conformation is favored upon interaction with the metal
cation, in such a way that in the nBut2 ± Li complex the metal
cation interacts simultaneously with the � system and with the
�-methylene group of the butyl substituent. A C3�C4 torsion
in nBut1 would yield the nBut3 conformer, which is only
slightly less stable. A C3�C4 torsion in nBut2 leads to nBut4.
Although nBut4 is the less stable neutral conformer, it yields
the most stable Li� complex, nBut4 ± Li. Finally, a C2�C3
torsion in nBut3 yields the nBut5 conformer.
In summary, the interaction between the alkyl chain and the

� system is not favored in the neutral molecule, the global
minimum being the conformer in which this chain is
completely extended away from the aromatic ring. Converse-
ly, the Li� complex in which the chain is completely extended
is systematically the less stable one. The stability of the Li�

complex increases when either a methylene group or the
terminal methyl group, or both, approach the metal cation.
Consequently the most stable conformation for the nBut4 ± Li
complex corresponds systematically to the structure in which
the chain is bent toward the metal cation.
For n-heptylbenzene, the structures of the most relevant

conformers and their Li� complexes are given in Figure 1;
their energies, the LBEs and the LCBs are collated in Table 3.
As expected, the situation is much more complex than for

n-propyl- or n-butylbenzene because of the huge number of
possible conformers. However, the general features observed
for the propyl and butyl derivatives hold. The most stable
conformers for the neutral species, namely, Hept1, Hept2, and
Hept1 a, correspond to the situation in which the alkyl chain
attains its maximum extension (see Figure 1). Conversely, the
most stable complex, Hept3 ± Li, corresponds to a conforma-
tion in which the alkyl chain is bent over the metal cation,
maximizing the simultaneous interaction of Li� with the �

system, with two of the methylene groups, and with the
terminal methyl group of the substituent. Consistently, the
stabilization decreases by 6 ± 14 kJmol�1 when one methyl-
ene ± cation interaction is removed, as is seen for complexes
such as Hept9 ± Li, Hept10 ± Li, Hept11 ± Li, and Hept13 ± Li.
This stability decreases further when only one methylene
group is close to Li�, as in Hept2 ± Li or Hept7 ± Li complexes,
whereas the least stable complexes, such as Hept1 ± Li,
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Hept1 c ± Li, and Hept1 d ± Li, are those in which the metal
cation interacts only with the � system. It is also very
important that in many cases the presence of the metal cation
triggers the coiling of the alkyl chain. This is clear if one
compares the conformation of the Hept3, Hept5, Hept6,
Hept8, Hept11, and Hept13 species and those of their
corresponding Li� complexes, for instance. To confirm the
presence of this effect, we have also optimized the structures
of the neutral systems that result from eliminating the Li�

cation from each complex. In all cases we arrived, after the
geometry optimization, at the aforementioned neutral con-
formers, so we have confirmed that when the metal cation is
not present the alkyl chain relaxes to a less folded conforma-
tion, and the Hept3, Hept5, Hept6, Hept8, Hept11, and
Hept13 conformers are obtained.

Around this general pattern there are some fluctuations
due to small differences between the interactions involving
the methylene groups of the alkyl chain. This explains, for
instance, the stability difference between Hept2 d ± Li and
Hept6 ± Li. In both cases the Li� cation interacts with the �-
methylene group, but the conformation of the rest of the chain
favors a greater stability of the first conformer. In some other
cases, slightly different conformers, such as Hept2 b and
Hept3, lead to the same complex.
We call the structure of a Li� adduct with the alkyl chain

bent toward the aromatic ring a ™scorpion structure∫, by
reference to the well-known arachnid in its defense position,
with the tail bent over its body. The term ™scorpio structure∫
has been proposed for protonated histamine,[40, 50, 51] in which
the CH2CH2NH2 side chain is bent toward the protonated
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Table 3. Total energy (E [hartrees]), zero-point energy (ZPE [hartrees]), entropy (S [Jmol�1K�1]), relative energy[a] for neutral conformers and the
corresponding Li� complexes (�E and �ELi�, respectively [kJmol�1]), Li� binding energy (LBE [kJmol�1]), and lithium cation basicity (LCB [kJmol�1]) for
heptylbenzene.

System B3LYP/6 ± 31G(d) B3LYP/6 ± 311�G(3df,2p)
E ZPE S �E �ELi� E LBE LCB

Hept1 � 507.44913 0.30042 514.251 0.0 � 507.61709
Hept1 ± Li � 514.80869 0.30311 535.029 16.7 � 514.97185 179 137
Hept2 � 507.44832 0.30063 507.799 2.7 � 507.61622
Hept2 ± Li � 514.81073 0.30293 527.100 10.9 � 514.97387 188 145
Hept1 a � 507.44775 0.30040 514.933 3.6 � 507.61564
Hept1 a ± Li � 514.80743 0.30309 535.280 19.9 � 514.97056 180 138
Hept1 b � 507.44394 0.30066 511.151 14.2
Hept1 b ± Li � 514.80289 0.30345 530.401 32.8
Hept1 c � 507.44776 0.30055 511.130 3.9 � 507.61565
Hept1 c ± Li � 514.80731 0.30306 542.736 20.2 � 514.97039
Hept1 d � 507.44779 0.30059 511.297 4.0 � 507.61570
Hept1 d ± Li � 514.80737 0.30328 533.088 20.6 � 514.97049
Hept2 a � 507.44474 0.30064 507.933 12.1 � 507.61225
Hept2 a ± Li � 514.81492 0.30380 506.351 2.1 � 514.97642 204 154
Hept2 b � 507.44303 0.30084 505.938 17.1 � 507.61062
Hept2 b ± Li � 514.81570 0.30376 505.084 0.0 � 514.97737 211 161
Hept2 c � 507.44574 0.30090 510.339 10.2 � 507.61334
Hept2 c ± Li � 514.81391 0.30388 499.112 5.0 � 514.97474 197 144
Hept2 d � 507.44697 0.30074 507.272 6.5 � 507.61460
Hept2 d ± Li � 514.80950 0.30309 527.410 14.5 � 514.97162 188 144
Hept3[b] � 507.44692 0.30080 506.887 12.8 � 507.61452
Hept3 ± Li � 514.81570 0.30376 505.084 0.0 � 514.97737 201 151
Hept4 � 507.44649 0.30077 515.113 7.8 � 507.61079
Hept4 ± Li � 514.80598 0.30330 532.878 24.3 � 514.97564 206 152
Hept5 � 507.44646 0.30083 508.122 8.1
Hept5 ± Li � 514.80400 0.30378 502.582 30.8
Hept6 � 507.44567 0.30095 502.368 10.5
Hept6 ± Li � 514.80815 0.30341 517.372 18.9
Hept7 � 507.44689 0.30066 510.017 6.5
Hept7 ± Li � 514.80879 0.30312 524.711 16.4
Hept8 � 507.44395 0.30070 511.297 14.3
Hept8 ± Li � 514.80228 0.30361 506.243 34.8
Hept9 � 507.44339 0.30073 509.615 15.9 � 507.61079
Hept9 ± Li � 514.81443 0.30351 504.209 2.7 � 514.97561 206 165
Hept10 � 507.44308 0.30078 512.519 16.8
Hept10 ± Li � 514.81115 0.30358 543.669 11.5
Hept11 � 507.44306 0.30092 506.415 17.2 � 507.61066
Hept11 ± Li � 514.81364 0.30414 494.975 6.4 � 514.97510 205 164
Hept12 � 507.44557 0.30092 508.348 10.6
Hept12 ± Li � 514.80751 0.30347 518.941 20.7
Hept13 � 507.44298 0.30083 508.260 17.2
Hept13 ± Li � 514.81036 0.30392 499.720 14.4 193[c] 147[c]

[a] Relative energies were obtained at the B3LYP/6-31G* level and include the corresponding ZPE correction. [b] Conformer Hept3 yields the same Li�

complex as conformer Hept2 b. [c] Values obtained by taking into account the statistical distribution of the most stable conformers of reactants and products
(see text).
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imidazole ring. A ™scorpion effect∫ was also proposed for a
transannular interaction favoring a chair conformation in
substituted cyclohexane.[52]

The scorpion effect is reflected in some peculiarities of the
complexes. For complexes in which this effect is not signifi-
cant, such as Hept1 ± Li, Hept1 a ± Li, Hept1 c ± Li, and
Hept4 ± Li, the distance between the metal cation and the
plane of the benzene ring is slightly shorter (1.867, 1.843, 1.866,
1.830 ä) than that found, at the same level of accuracy,[26] for
the benzene ±Li� complex (1.876 ä). This reflects the intrinsic
higher basicity of the heptyl derivative, so the � system of the
heptyl derivative becomes a better electron donor because of
the effect of the alkyl group. Conversely, in those complexes
in which the scorpion effect is important, such as Hept3 ± Li,
Hept5 ± Li, and Hept8 ± Li, the distance between the metal
cation and the plane of the ring becomes greater (1.914, 1.904,
1.989 ä, respectively), because of the attractive interaction
between the metal cation and the alkyl chain.
The formation of complexes such as Hept1 ± Li implies a

sizable polarization of the aromatic �-electron density. When
the scorpion effect is important, as in Hept3 ± Li, there is also
a strong polarization of the charge density of the methyl group
and of the methylene groups closest to the metal cation. These
polarizations are mirrored in a non-negligible charge transfer
from the base toward the Li� cation. Hence, while in
complexes like Hept1 ± Li the charge transferred is about
0.3 e�, in complexes like Hept3 ± Li it is almost 0.5 e�. The
charge withdrawal from the � cloud results in a slight
weakening of all the C�C bonds of the benzene ring, which
accordingly lengthen by 0.01 ä on average. For complexes
where the scorpion effect appears, there is also a non-
negligible lengthening of the C�H bonds of the methylene or
methyl groups interacting with the metal cation. The Hept3 ±
Li complex is an example: the two C6�H bonds lengthen by
0.10 ä, and the C8�H bond closest to the metal becomes
0.08 ä longer. These changes are also reflected in sizable
shifts of the corresponding stretching frequencies (vide infra).

Vibrational frequencies : The interaction of Li� with the
benzene moiety produces a systematic blue shift of all the out-
of-plane C�H bending modes, similar to those already
reported for other complexes of benzene derivatives with
Li�.[26] All the complexes investigated exhibit a vibration
mode in the region 380 ± 400 cm�1, which corresponds to the
displacement of the metal cation in a direction perpendicular
to the aromatic ring (�ring±Li), in agreement with previous
findings.[26]

In complexes in which the scorpion effect is observed, there
is also a significant red shift, by as much as 150 cm�1, of the
C�H stretching frequencies of the CH2 and CH3 groups
interacting with the metal.

Lithium cation basicities : The calculated LBEs and LCBs for
ethyl-, n-propyl-, and n-butylbenzene are summarized in
Table 2. For ethylbenzene the agreement between the calcu-
lated and experimental values is very good. It is clear from a
comparison of the LBEs of nBut1 and nBut3 complexes that
the scorpion effect accounts for an enhancement of the
binding energy of about 18 kJmol�1. This enhancement is

smaller (approximately 10 kJmol�1) for the LCBs, because
the scorpion effect is accompanied by a non-negligible
decrease in the entropy of the complex (see Table 2). As
expected, these effects are quantitatively greater for n-
heptylbenzene (see Table 3). The difference in the calculated
LBEs corresponding to the Hept1 ± Li form (no scorpion
effect), and, for instance, the Hept2 b ± Li form (in which this
effect operates) is approximately 32 kJmol�1. Again the
entropic contribution leads to a smaller difference in LCBs.
However, these values cannot be compared directly with

the experimental data. Under normal experimental condi-
tions, the neutral system is a statistical mixture of the most
stable conformers. Similarly, the product will also be a
statistical mixture of the most stable complexes. Hence, on
the basis of the relative Gibbs free energies of the different
conformers, n-butylbenzene should be an equilibrium mixture
of nBut1 (73%), nBut4 (18%), and nBut5 (9%). Similarly,
the mixture of Li� adducts should be composed of nBut1 ± Li
(41%), nBut4 ± Li (32%), nBut2 ± Li (16%), nBut3 ± Li
(8%), and nBut5 ± Li (3%). Under this assumption the
estimated LCB is 135 kJmol�1, which is in fairly good
agreement with the experimental value.
Similarly, n-heptylbenzene should be an equilibrium mix-

ture (see Figure 1) of Hept1 (58%), Hept1 a (15%), Hept1 c
(10%), Hept2 (8%), Hept1 b (7%), and Hept2 d (2%). The
statistical distribution of the products should be Hept3 ± Li
(48%), Hept4 ± Li (22%), Hept2 a ± Li (20%), Hept9 ± Li
(6%), and Hept2 c ± Li (4%). From these values, the esti-
mated LCB of n-heptylbenzene should be 147 kJmol�1, again
in good agreement with the experimental value.
It must be taken into account that in this theoretical

estimation we have not considered the additional entropy
associated with the exploration of several minima of the PES.
However, it can reasonably be assumed that these entropy
contributions would not be very different for neutral species
and Li� complexes, and therefore the effect on the calculated
LCB must be quite small. Also, as already mentioned, it
would be a practically impossible task to consider all possible
isomers. This implies that our estimates for the LCBs would
be changed if the accessible conformations were substantially
more numerous than those considered here. Nevertheless, the
effect on the estimated LCB would never be greater than 2 ±
4 kJmol�1, since the population of species with larger energy
gaps than the most stable ones would be negligible.

Torsional barriers : In the analysis in the previous section we
have assumed implicitly that, under the experimental con-
ditions, the system has enough internal energy to allow the
alkyl chain of the benzene derivative to coil up. To confirm
that this is indeed the case it would be necessary to estimate
the barriers involved in the corresponding torsions. For the
case of n-butylbenzene, the torsion barriers were estimated by
increasing the value of � and � (defined in Figure 2) in 5�
steps, starting from the completely extended nBut1 con-
former. For the corresponding potential-energy curves, see
Figure 3.
To the best of our knowledge, these torsional barriers are

not known experimentally. Nevertheless, our calculated
barriers, 14 and 12 kJmol�1 respectively, are in very good
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Figure 3. Potential-energy curve corresponding to the C2�C3 torsion (�)
(broken line) and C3�C4 torsion (�) (solid line) in n-butylbenzene. Energy
values are relative to the most stable conformer.

agreement with the experimental rotational barrier for ethane
(12.00� 0.04 kJmol�1).[53] Importantly, these values are much
smaller than the interaction energy between BrefLi� and B�
alkylbenzene when they approach to exchange Li�. Therefore,
in principle, the system should have enough internal energy to
overcome these torsional barriers. In fact, the torsion
displacements take place in the presence of approaching
BrefLi�, that is, in the presence of a coulombic field. To
estimate this electric field effect, we re-evaluated the corre-
sponding torsional barriers in the presence of a point charge
situated successively on the three axes and at two different
distances from the molecule, namely 4.8 and 4.0 ä, respec-
tively. The energies were calculated for the points along the
potential-energy curves of Figure 3. The energy values for the
minimum and the maximum of the potential-energy curve
corresponding to the � torsion are given in Table 4. Although
the total energies change significantly due to the presence of
the field, the value of the torsional barrier remains practically
unchanged, the differences from the zero-field situation being
typically smaller than 1 kJmol�1. Hence, we can safely
conclude that, under the normal experimental conditions,
the system has enough internal energy to allow the coiling of
the alkyl chain in order to enhance its interaction with the
metal cation, giving rise to the ™scorpion effect∫.

Conclusion

Our results show that for n-butylbenzene and n-heptylben-
zene, the most stable complexes correspond to � complexes in
which the alkyl chain coils up toward the aromatic ring to
favor its interaction with the metal, by the so-called scorpion
effect. Quite importantly, these coiled conformations are
among the least stable in the neutral system, and many of
them are not even minima of the potential-energy surface.
The formation of these complexes leads to a significant
enhancement of the Li� binding energies (LBEs), which are
found to be 20 ± 30 kJmol�1 higher than those estimated for
™non-scorpion∫ � complexes, that is, in the absence of
interaction between the metal and the alkyl chain. This
enhancement is less significant for LCBs because the scorpion
effect is entropically disfavored. There is very good agree-
ment between the calculated LCBs and those measured by
means of FT-ICR mass spectrometry, provided that the
calculation of the former takes into account the statistical
distribution of the different conformers present in the gas
phase.
Alkali metal cations interact with organic species through

mainly electrostatic forces, and nonpolar moieties may be
weak ligands in this regard. Nevertheless the so-called
cation ±� interaction, involving aromatic rings, has been
shown to play an important role in biological systems. Gokel
and co-workers[54] recently advocated the inclusion of the
cation ±� interaction in the panoply of feeble forces to be
taken into account in molecular recognition and supramolec-
ular chemistry. In this regard, the scorpion effect, as a
mechanism that enhances the cation ±� interactions of alkali
metals with arenes, acquires a broader significance.

Experimental Section

All compounds used for the FT-ICR measurements (the chemicals in
Table 1, lithium benzoate, and 2-chloropropane) were of commercial origin
(Aldrich, Fluka) and of the highest purity available. Gas-phase reactants
were introduced in the vacuum system of the spectrometer without further
purification, except degassing by several freeze ± pump ± thaw cycles. The
electromagnet FT-ICR spectrometer at the University of Nice-Sophia
Antipolis, using Bruker CMS 47 electronics, has been described else-
where.[55]
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Table 4. Effect of an external positive charge on the DFT-calculated energies (E [hartrees]) for the minimum and the maximum of the potential-energy
curve corresponding to the � torsion of the alkyl chain of n-butylbenzene, and energy barriers (�E [kJmol�1]). Values in the presence or absence of a
coulombic field created by a point charge have been calculated.

No field Field 1[a] Field 2[b]

x y z x y z
E �E E �E E �E E �E E �E E �E E �E

minimum � 389.50794 � 389.50830 � 389.51162 � 389.52546 � 389.50856 � 389.51337 � 389.53517
maximum � 389.50247 14.4 � 389.50271 14.7 � 389.50603 14.7 � 389.51980 14.9 � 389.50304 14.5 � 389.50783 14.5 � 389.52962 14.6

[a] Field created by a positive point charge located 4.8 ä away from the molecule and along the three axes. [b] Field created by a positive point charge located
4.0 ä away from the molecule and along the three axes.
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