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ABSTRACT

At the B3LYP/6-311++G(d,p) level, approach of a lithium atom to a face of the fulvene molecule leads to formation of a complex with binding
energy 41 kcal/mol and significant ion-pair character. The fulvene moiety gains a delocalized aromatic cyclic π system, documented by the
geometry-based aromaticity index HOMA, and a strong diatropic ring current, visualized by ipsocentric calculation of the π current-density,
which leads to an “aromatic” NICS value of -11 ppm.

Fulvene, a nonalternant conjugated hydrocarbon, has a ring
that does not follow the magic Hückel 4N + 2 rule,1 has
low stability,2,3 low susceptibility exaltation,4 no π diatropic
ring current,5 significant bond length alternation,6,7 and high
reactivity.8,9 Increased stability and aromatic character is
predicted for fulvene derivatives with electron-donating
groups at the C6 exo position.10,11 Aromaticity indices

(geometry-based HOMA,12,13 aromatic stabilization ener-
gies,14 and magnetism-based NICS15) are linearly correlated16

for exo derivatives, and follow the Hammett rule17 in that the
more electron-donating the substituent, the more aromatic the
ring.18 These observations are not surprising, as the 4N + 1
ring of fulvene has a capacity for six π-electrons and hence a
π-withdrawing tendency. Where the ring can gain π-electrons
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and increase delocalization, this tendency is expected to lead
to an increase of aromaticity. The object of the present paper
is to study how this aromatization process might be realized in
an intermolecular context. The model system is the complex
formed by approach of a single lithium atom to the ring of
fulvene, and the aim is to investigate how the position of the
Li center affects the electronic and geometric properties of the
ring moiety.

Calculations used Gaussian 0319 interfaced with NBO
5.G.20 A B3LYP/6-31G(d,p) reaction-coordinate study used
constrained optimization with the distance between ring-
center and C1 held at 1.230 Å, and the distance from Li to
ring center varied stepwise. For each point, Natural Bond
Order analysis and aromaticity indices were calculated:
geometry-based HOMA,12,13 π-electron population based
pEDA21 index (used to analyze aromaticity in fulvene
derivatives),22,23 and magnetism-based NICS(0).14 pEDA(F)
for fulvene is22 the sum of occupations of 2pz Natural Atomic
Orbitals (NAO) over ring carbon atoms, with subtraction of
the initial nominal unit populations; it measures π-electron
excess in the fulvene ring, and can be taken as an indicator
of aromaticity: if 0, the fulvene is nonaromatic; if 1, the
fulvene has a full π-sextet and is presumed fully aromatic.
Natural Energy Decomposition Analysis (NEDA) was per-
formed with GAMESS(US)24 interfaced with the NBO 5.G
program. The equilibrium structure of the Li-fulvene
complex was established by B3LYP/6-311++G(d,p) opti-
mization, checked by diagonalization of the Hessian.

For a check on (magnetic) aromaticity of the system, a
current-density map was calculated, to establish the existence
of a π-ring current. All-electron and π-only current densities
were calculated in the planes at 1a0 from the ring faces, using
restricted open-shell Hartree-Fock (ROHF) theory with the
ipsocentric25 choice of origin. This choice has advantages
of accuracy, efficiency, and interpretability, and gives a direct

visual answer to the question of aromaticity in terms of a
map that shows existence, sense, and strength of ring current.
Current-density calculations used the open-shell version26,27

of the SYSMO software28 with the 6-31G(d,p) basis set.
Table S1 (Supporting Information) gives computed data

that describe how electronic and geometric properties change
with distance between Li and the ring, d(Li-fulv), for direct
approach of lithium along a line perpendicular to the ring
with a fixed right triangle C1-X7-Li where the ring center
X7 is 1.230 Å from C1. As Figure 1 shows, these constrained

calculations indicate an energy minimum in the region of
1.75 Å with well depth ∼40 kcal/mol.

Full optimization confirms the existence of a local
minimum with Cs symmetry (Figure 2). The projection of

Li onto the fulvene ring is almost equidistant from all five
carbon centers, and the geometry of the ring is essentially
planar, no dihedral angle exceeding 1°.

With inclusion of (small) zero-point energy (ZPE) and Basis-
Set Superposition Error (BSSE) corrections, the predicted
energy gain on formation of the complex from neutrals is 41.3
kcal/mol. In detail, uncorrected energies of complex and neutral
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Figure 1. Relative energy, ∆E (kcal/mol), of the Li-fulvene
complex relative to neutral fragments, as a function of the distance
from Li to the ring center, d(Li-fulv) (Å).

Figure 2. Computed structures of the Li-fulvene complex and the
free fulvene molecule (B3LYP/6-311++G(d,p) level).
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fragments are -239.813737, -232.255238, and -7.491333 for
fulvene-Li, fulvene and Li, respectively (all in au). The ZPE
is +0.097718 for the complex, and +0.097480 for free fulvene.
With a BSSE of +0.001083 with respect to neutral fragments,
this yields a dissociation energy of +0.065845 au. The analysis
for charged fragments gives -232.270565 and -7.284918 for
fulvene anion and Li cation, ZPE of +0.092528 for the anion,
BSSE of +0.001442, and hence an energy of dissociation to
ions of +0.251622 au (158 kcal/mol). The dissociative mode
lies at 543 cm-1.

The significant stabilization of the Li-fulvene complex is
associated with charge transfer from Li to the fulvene moiety
(over 90% of an electron according to the NBO analysis which
gives q(Li) ) +0.912e near the minimum (see Table S1,
Supporting Information)). This electron transfer is manifested
in an increased π population in the fulvene ring, which
according to pEDA(F) gains ∼80% of an electron, taking it
closer to the magic 4N + 2 Hückel count. The changes in the
ring π population are greater than those produced by exocyclic
substitution: replacement of the exo CH2 with neutral substit-
uents leads to at most 0.31 (for NMe2), and even for charged
substituents the maximum was 0.70 (for CH2

-).23 This implies
more efficient through-space transfer of charge from the Li atom
on the face of the fulvene π system, compared to though-bond
inductive and mesomeric effects of exo substituents. Bond
length changes in the fulvene ring are reflected in the increase
of the HOMA aromaticity index from ∼0 for fulvene29 to higher
values near the equilibrium structure. At the same time, the C1-C6
bond lengthens by ∼0.07 Å, suggesting a change from double bond
in the isolated molecule to aromatic bond in the complex.

Notably, the various indicators show a sharp change in
behavior for d(Li-fulv) ≈ 2.5 A (Figure 3a-e), which places

the equilibrium structure on a plateau of property values all
broadly indicative of aromaticity. In this region, the indicators
correlate well with each other, suggesting that they describe
a common underlying trend of aromatization of the fulvene
as the complex forms. It is tempting to interpret ∼2.5 Å as
the point at which electron transfer happens, the electronic
structure gains significant ion-pair character, and the fulvene
moiety becomes aromatic. Evidence in support of the implied
charge transfer comes from Natural Energy Decomposition
Analysis (Figure 4) for points along the approach pathway.

The summed energy reproduces the bound-state curve
observed in Figure 1, and the Pauli repulsion term (CORE)
shows the expected exponential-type increase as the atomic
cores approach. The attractive contributions are the Electric
(EL) and Charge-Transfer (CT) terms. EL (electrostatic and
polarization) dominates at long range, but the two curves
cross at ∼2.5 Å, pointing to a switchover to a “charge transfer
region”. For the equilibrium structure, the B3LYP/6-
311++G(d,p) energy decomposition is (in kcal/mol) the
following: CT -108, EL -83, CORE 144, and TOTAL -49
(at the B3LYP/6-31G(d,p) level the decomposition is similar:
CT -90, EL -79, CORE 123, and TOTAL -46 kcal/mol).
The difference between NEDA TOTAL and calculated
binding energies arises because the NEDA reference is the
monomers at its geometry in the complex.

Additional support for the attribution of aromaticity to the
Li-fulvene complex at the equilibrium geometry comes from
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Figure 3. Variation of electronic and geometric indices with
approach of Li to the fulvene ring: (a) q(Li), the NPA charge on
the Li center (e), (b) pEDA(F) index of ring π population, (c)
HOMA, (d) NICS(0), and (e) C1-C6 bond length (Å).

Figure 4. Natural energy decomposition analysis30,31 (NEDA) for
the interaction energy as Li approaches fulvene. Calculations were
performed at the B3LYP/6-31G(d,p) level for the curves. Key: EL
) electric (squares), CT ) charge transfer (triangles), CORE )
Pauli repulsion (diamonds), and TOTAL ) total interaction (circles).
Energies are in kcal/mol and distances in Å. Filled symbols
represent the equilibrium structure.
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calculations based on the magnetic criterion. Some caution
is needed in interpreting NICS values32 and current-density
maps26,27 for open-shell systems and there are well-known
experimental difficulties with such systems. The induced
current density is first order in the external field, and governs
the second-order chemical shifts and magnetic susceptibility.
In experiments, these aromaticity-related response properties
can be masked by the larger first-order energy arising from
the permanent spin magnetic moment and other effects, but,
nonetheless, they remain indicators of the underlying elec-
tronic structure, just as in closed-shell systems. Here, the
single-point NICS(0) value14 calculated at the B3LYP/6-
311++G(d,p) level is 0.94 ppm for fulvene itself, indicating
nonaromaticity, but is -11.15 ppm for the complex, which
is similar to the value for benzene itself, and in the absence
of perturbing effects, is an indication for a typical aromatic
ring.

The presence of the diatropic ring current implied by NICS
is confirmed by direct calculation of the current-density map
(Figure 5), which shows a clear induced diatropic circulation
around the five-membered ring. Correlations with free
fulvene were used to identify the molecular orbitals of the
complex with approximate π character in the lower symmetry
of the complex, and their orbital contributions were summed
to give the π current, arising in principle from three doubly
occupied and one singly occupied canonical molecular
orbitals, but in practice, in the ipsocentric ROHF approxima-
tion, dominated by the near-degenerate pair of doubly
occupied orbitals of highest energy. This dominance of
current by frontier π orbitals is exactly as expected for an
aromatic ring in the ipsocentric model of diatropic currents
in aromatic systems.33 The current in the map is also of about
the same strength as the archetypal benzene π current
calculated at the same level of theory: the maximum value
of the current in the 1a0 plotting plane, parallel to the median
plane of the carbon atoms, is 0.087 au on the open face of
the complex, and 0.061 au on the attachment face, compared
to 0.080 au for the more symmetrical flow in benzene. The

fulvene moiety in the complex is therefore predicted to be
aromatic on the ring-current criterion.

In conclusion, calculations point to the viability of a
thermodynamically stable Li· · ·fulvene radical complex with
substantial ion-pair character in the gas phase, and with
various geometric, electronic, and magnetic indicators at-
tributing aromaticity to the fulvene moiety within that
complex. In this sense, fulvene is predicted to be aromatized
by the approach of a lithium atom.
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Figure 5. Current density induced in the π electron distribution of
the fulvene moiety of the Li· · ·fulvene complex by a perpendicular
magnetic field, in planes 1a0 (a) above (Li side) and (b) below (open
side) the ring. The equilibrium B3LYP/6-311++G(d,p) structure
is used, and calculation of currents is in the ipsocentric formulation25

at the ROHF/6-31G(d,p) level. The map shows summed orbital
contributions of one singly and three doubly occupied π-like
orbitals. Contours show magnitude and arrows the in-plane projec-
tion of induced current density per unit applied field. Diatropic
(aromatic) circulation is counterclockwise.
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