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Explicit ring-current maps based on distributed-origin coupled Hartree—Fock calculations are constructed for
substituted penta- and heptafulvenes C,H,X (n =5, 7; X = NH,", O, NH, CH,, BH,"). The pattern changes from
paratropic to diatropic current in the five-membered ring (vice versa for the seven-membered ring) as X changes from
strong 1 electron acceptor to donor. The trend is explained by a new analysis of frontier-orbital contributions that
links the currents in these substituted molecules to those in the parent carbocycle.

Introduction

Fulvenes have intrigued chemists for several decades, especially
in the context of the seminal concept of aromaticity."” The
properties and chemical behaviour of substituted penta- and
heptafulvenes are usually rationalised in terms of their differing
weights of the zwitterionic resonance structures. The relative
weights of such structures depend on the electronegativity of
the m-bonded substituent X, which therefore modulates the
aromaticity of the ring. As the dipolar structures that possess 6
cyclic conjugated electrons (1B and 2A in Scheme 1) are oppos-
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Scheme 1 The molecules under study.

itely polarised for the five- and seven-membered rings, opposite
variation of aromaticity with donor/acceptor properties of X
is to be expected.

The magnetic properties of a molecule serve as a probe for its
aromaticity,'®'* and, indeed, in one definition, aromaticity is
defined by the ability of a ring to sustain an induced diatropic
ring current. 'H NMR chemical shifts of ring protons are
experimental indicators of ring currents,'’ and substituted
fulvenes can differ widely in this respect. The average shift [J,, =
(6.2 + 6.5)/2 = 6.4%] for the ring protons of pentafulvene (1d)
is consistent with the absence of any significant induced
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ring current in this molecule. Although measured shifts are
apparently not available for cyclopentadienone (1b), the high
reactivity ! of this species is rationalised by assuming that the
electronegativity of the oxygen atom leads to the dominance of
the 4m-electron resonance structure 1A over the 67 structure 1B,
which would be expected to give a paratropic effect on 'H
chemical shifts. Tropone (2b) and the tropenylidenimmonium
ion (2a) would appear to support diamagnetic ring currents
of different strengths judging from measurements of the shifts:
0, = (6.8 + 2 x 6.7)/3 = 6.7 for tropone,'* and 6(*H) for 2a in
the range 7.45-8.25,'® which compare with an average value
of 5.7" for the ring protons of heptafulvene (2d). Clearly, the
nature of the substituent has a large influence on the 'H NMR
chemical shifts of the ring protons, and by implication, on the
current density induced in the ring by an external magnetic
field.

Ring currents are accessible to direct theoretical investigation
using modern distributed-gauge ab initio methods. The object-
ive of the present study is to use calculations of these currents
to categorise the effects of electron-withdrawing/donating
substituents on the induced current density in the fulvenes and
to give an explanation for the observed trends in this property
in terms of molecular orbital arguments. To this end, we
have calculated current density maps at the coupled Hartree-
Fock level of theory using the CTOCD-DZ (continuous trans-
formation of origin of current density, diamagnetic zero)
approach ' for several substituted penta- and heptafulvenes
(see Scheme 1). The known © systems CsHX with isoelectronic
n-bonded groups X = 0,?* NH? and CH,,* and C,H,X
with X = 0,'*% CH,,?® NH,* and NH," ®*" have substituents
spanning a range of m electron-withdrawing and donating
behaviour. The extremes of the hypothetical species with X =
BH, ™ acting as a strong donor of m charge, and the species
with X = NH," as acceptor, serve to bracket the experimentally
accessible systems.

Previous studies of substituted fulvene systems”*?%?* have
mostly discussed aromaticity in terms of geometric criteria. The
present visualisation of current densities points out a parallel
between the magnetic and geometric criteria of aromaticity for
this series; this level of agreement is not always found in ring
systems.*

An advantage of the ipsocentric CTOCD-DZ method, in
addition to its good convergence behaviour with basis size,*! is
that it allows a natural partition of the total current density into
well defined orbital contributions.*? Orbital-by-orbital analysis
based on CTOCD-DZ has been successfully applied to
explain, for example, the ring-current patterns in 4n vs. 4n + 2
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Table 1 Ring bond lengths of the penta- and heptafulvenes. Bond types 1 to 3 in the pentafulvenes are {(1,2), (1,5)}, {(2,3), (4,5)} and {(3,4)}; in the
heptafulvenes bond types 1 to 4 are {(1,2), (1,7)}, {(2,3), (6,7)}, {(3.4), (5,6)} and {(4,5)}. (See Scheme 1 for atom numbering)

Bond lengths/A
Compound Type 1 Type 2 Type 3 Type 4
la (NH,") 1.476 1.325 1.512
1b (O) 1.506 1.322 1.503
lc (NH)“ 1.491¢ 1.326 1.492
1d (CH,) 1.477 (1.470%) 1.332 (1.355%) 1.479 (1.476%)
le (BH,") 1.440 1.367 1.437
2a (NH,") 1.428 1.353 1.427 1.350
2b (0) 1.475 (1.445¢) 1.336 (1.364¢) 1.449 (1.462¢) 1.337 (1.3429)
2¢ (NH)“ 1.476¢ 1.333¢ 1.455¢ 1.333
2d (CHy) 1.474 (1.450) 1.331 (1.3654) 1.460 (1.470) 1.331 (1.3449)
2¢ (BH,") 1.463 1.341 1.476 1.329

“« Average values.  Exp: microwave spectroscopy.’ ¢ Exp: electron diffraction.®® ¢ Exp: microwave spectroscopy.*!

annulenes* and in various polycyclic systems.**** It will be
shown here that the empirically deduced variation of ring
currents with substituent and ring size in the series la—e, 2a—e is
reproduced by the computed maps and readily explained within
a classical orbital picture. Ring current maps also complement
and explain the trends in Nucleus Independent Chemical Shifts
(NICS)," which are widely used as measures of aromaticity;
NICS values are presented here for the two series la—e and
2a-e. Other properties diagnostic of aromatic character, which
could in principle be calculated from current density, are the
exaltation of magnetic susceptibility '* and molecular magnetis-
ability anisotropy.'

Methods

The geometries of all molecules were optimised at the RHF/6-
31G** level, using GAMESS-UK.* Hessian calculations con-
firmed all structures as planar. 1/2a, b, d, e possess the expected
C,, symmetry at equilibrium, and the systems 1/2¢, which con-
tain the unsymmetrical NH group, have C, symmetry.

Current density maps were calculated with the DZ version of
the CTOCD formalism '®** as implemented in the SYSMO pro-
gram,*® using the 6-31G** basis set. Current densities induced
by a unit magnetic field normal to the molecular plane
are plotted in a standard plane la, above that of the ring
(and hence, close to the maximum 7w density). At this height,
current flow is essentially parallel to the molecular plane. In
all plots, diamagnetic (diatropic) circulation is shown anti-
clockwise and paramagnetic (paratropic) circulation clockwise.
NICS™ at the geometric centre of each ring were calculated
using the PZ2 (paramagnetic zero)*' variant of the CTOCD
method.

Results and discussion
Geometries

The computed bond lengths for the rings are listed in Table 1.
Available experimental structural data on 2b* and 14/2d*
are satisfactorily reproduced at the RHF/6-31G** level of
theory, and the present results are in line with previously
reported ab initio calculations.”*

All ten systems show a pattern of bond alternation consistent
with the conventional Kekulé pattern of formal single and
double bonds. The alternation, as measured by the difference
between average long and average short bonds, AR, is generally
pronounced: AR =0.17 + 0.02 A for 1a-d; AR=0.13 £ 0.01 A
for 2b—e. The two systems that show more uniform distribu-
tions of bond lengths are 1e (AR = 0.072 A), which couples the
electron-deficient cyclopentadienyl ring with the electron-rich
BH,", and 2a (AR = 0.076 A), which couples the electron-rich
cycloheptatrienyl ring with the strongly electron-deficient NH,*

substituent. On the geometric criterion, these are therefore the
two ring systems that have the most aromatic character; we will
see that they are also the most aromatic on magnetic criteria.
These are, of course, precisely the systems most likely to
approach the zwitterionic limits 1B and 2A of Scheme 1.

Ring currents

Fig. 1 shows the computed n current density maps for the ten
molecules. The © maps for the pentafulvene series (Fig. 1a)
show a clear progression from a strong paramagnetic circula-
tion in the five-membered ring of 1a (X = NH,"), through
island patterns of localised bond-centred circulations in 1¢ and
1d, to a clearly marked diamagnetic ring circulation in le (X =
BH, ). Thus, as the polarisation of the C=X bond changes,
there is an accompanying reversal in direction of the ring
current, as would be expected for a changeover between the
limiting cases of the paramagnetic 4n-electron ring (resonance
structure 1A) and a diamagnetic (‘aromatic’) 6m-electron ring
(1B). For the heptafulvenes, the trend is opposite: a diamagnetic
ring current in 2a (X = NH,"), is replaced by a pattern of
localised islands in 2¢ (X = NH) and finally a strong para-
magnetic ring current in 2e (X = BH, ). This is consistent with
a gradual transition from the ‘aromatic’ 6n tropylium cation
of 2A to the 8m ‘antiaromatic’ anionic ring of 2B. Both ‘6r’
systems, le and 2a, have ring currents that are somewhat
smaller than their equivalent in benzene (see inset comparison
arrows, Fig. 1).

In contrast, the 6 contributions to the total current density in
the plotting plane are all relatively uniform superpositions of
localised bond contributions, and as they add little detail to the
overall picture, they will not be shown here. The total (¢ + 7)
maps at this height above the molecular plane (Fig. 2) show
more variation. In the extreme cases (1,2a and 1,2e¢), the total
map is dominated by the strong m currents. However, in b—d,
where the m currents are more localised and weaker, they
become hard to identify within the total, which then exhibits
the typical features originating largely from o electrons: i.e. an
outer diamagnetic circulation around the molecular perimeter
and a paramagnetic circulation over the ring centre.*

Chemical shifts are obtained by weighted integrations of
current densities over all space and should therefore further
illustrate these systematic trends. The computed NICS values
of the pentafulvenes decrease monotonically from la to le
(1a: +13.9, 1b: +13.1, 1c: +5.0, 1d: +0.2 and 1e: —11.1) with
increasing m-donor strength of X. For the heptafulvenes, they
increase along the series from 2a to 2e (2a: —6.0, 2b: —0.3,
2¢: +1.6, 2d: +4.5 and 2e: +22.5). These two trends are readily
understood as consequences of the opposing trends in the
computed penta- and heptafulvene ring current maps (Figs. la
and 1b). The near-zero result for 1d is consistent with a value of
—0.3 obtained with a somewhat different theoretical approach.’
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Fig. 1 Maps of m contributions to current density for (a) the
substituted pentafulvenes la—e and (b) the substituted heptafulvenes
2a-e. Current densities induced by a unit magnetic field normal to the
molecular plane are plotted in a plane 1a, above that of the ring, with
contours denoting the modulus of the current density and vectors
representing in-plane projections of current. Diamagnetic (diatropic)
circulation is shown anticlockwise and paramagnetic (paratropic)
circulation clockwise. For comparison, an arrow indicating the
maximum strength of the equivalent n-ring current in benzene is shown
in the upper right corner.

The numerical values indicate a change from strongly para-
tropic 1a to a system le with a degree of aromaticity similar to
that of benzene itself. For benzene, NICS = —12.7 in the present
basis; a fully anionic cyclopentadienyl ion would have NICS =
—13.8 in this basis. The heptafulvene series shows even stronger
paratropicity for the strongest m-donor substituent, 2e, as
would be expected from the pronounced paratropic n current
shown for this molecule in Fig. 1b.

Orbital analysis

To gain further insight into the qualitative trends that are
apparent from this brief inspection of Figs. 1 and 2, it is useful
to investigate the roles of individual © molecular orbitals.

In the CTOCD-DZ formalism, current density at any one
point is calculated with the origin of vector potential taken at
that point. It can be shown that with this so-called ipsocentric ¥
choice, the total current density is a sum of orbital contri-
butions that consist of a diamagnetic part, determined by
translational virtual excitations, and a paramagnetic part,
determined by rotational virtual excitations. In both parts, only
transitions from occupied to unoccupied molecular orbitals are
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Fig. 2 Maps of total (c + m) current density for (a) the substituted
pentafulvenes 1a, 1d and le and (b) the substituted heptafulvenes 2a,
2d and 2e. The plotting plane and conventions are as in Fig. 1.

possible. The total induced current is dominated by those
transitions allowed under one or both selection rules that are
of low-energy, and hence usually involve electrons in frontier
orbitals.

Figs. 3 and 4 show the dominant calculated orbital contri-
butions to the m currents for pentafulvene and heptafulvene
systems, respectively. These arise from two high-lying © orbitals
in each case, of which one is always the HOMO. The significant
orbitals include one of a, and one of b; symmetry for the C,,
systems and two of a” symmetry for the C, systems 1/2¢. In
la-d, la, (3a") is the HOMO. In 1a, 1¢, 1d, 2b, (2a") is the
HOMO-1, but in 1b it lies below a ¢ combination of oxygen
lone-pairs and becomes the HOMO-2. In 1le, HOMO and
HOMO-1 are near-degenerate and their symmetries are
swapped. In the substituted heptafulvenes 2a-d the HOMO is
b, and the HOMO-1 is a, (a” in 2¢); in 2e the HOMO-1 and
HOMO-2 are near-degenerate, and the HOMO-1 corresponds
to 2b, and the HOMO-2 to 1a,. Contributions to the current in
the ring from all lower-lying orbitals are small, as expected,***
and are not shown here.

Several well defined trends are apparent in the dominant
orbital contributions. The overall © currents in the substituted
pentafulvenes are seen to result from a competition between
two effects. The 1a, orbital current is strongly paratropic in 1a
and weakens but remains paratropic along the series until 1d.
In contrast, the 2b, orbital is diatropic throughout the series,
weakly so in la but increasing in magnitude until, by 1d, the
cancellation of la, and 2b, currents has produced an overall
localisation of the pattern of current density. In le the con-
tribution of the la, orbital has fully reversed, and both la,
and 2b, orbitals now contribute to a diatropic ring current,
resembling that arising from the 4 electrons occupying the
degenerate HOMO of the isolated cyclopentadienyl anion.*

In the substituted heptafulvenes, the exceptional substituent
is NH,". For the other cases 2b—e, the contribution of the 3b,
HOMO is paratropic, its strength increasing along the series,
whilst the a, orbital is diatropic throughout. The exceptional 2a
has diatropic contributions from both orbitals, approaching the
situation for the isolated tropylium cation, where the degenerate
HOMO gives a characteristic 4-electron diatropic current.®
The very strong paratropic circulation in 2e, on the other hand,
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Fig. 3 Orbital contributions to the n ring currents for substituted
pentafulvenes 1a—e. The left hand column shows the contribution from
the la, orbital (32" in 1c) and the right hand column the 2b,
contribution (2a” in 1c¢). Plotting conventions as in Fig. 1.

approaches the opposite limit of a 2-electron anti-aromatic ring
current,® as found in planar cyclooctatetraene.*

These observations, resulting from high-level ab initio calcu-
lations, are all readily rationalised on qualitative electronic-
structure considerations.

Electronic structure of substituted fulvenes

The essentials of the m electronic structure of substituted
fulvenes can be derived from pictorial molecular orbital theory
in which a substituent bearing a p, atomic orbital is brought
into interaction with the n system of the ring.

In Scheme 2, the correlation diagrams for penta- and hepta-
fulvene show the m energy levels, their symmetry labels in the
C,, group and, for the active orbitals, pictorial representations.

Three different cases can be identified: (i) the orbital on the
substituent is close in energy to the frontier orbitals of the ring,
(ii) the substituent orbital is much higher in energy (X is a
strong m-electron donor) or (iii) the substituent orbital is much
lower in energy (X is a strong m-electron acceptor).

In the pentafulvene series, the C,, symmetry leads to splitting
of the degenerate m orbitals of cyclopentadienyl into a,, b,
pairs. In case (i), the substituent p, orbital interacts only with
the frontier b; component, yielding a filled 2b, orbital and 3b,
LUMO. Since 2b, is stabilised, its former partner, the la,
orbital, becomes the non-bonding HOMO in C;HX. In the
region of the ring, both 2b; and 3b, orbitals retain their nodal
structure, and the energy gap is small, so that the rotationally
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Fig. 4 Orbital contributions to the n ring currents for substituted
heptafulvenes 1a—e. The left hand column shows the contribution from
the 3b, orbital (4a” in 2¢) and the right hand column the la,
contribution (3a” in 2¢). Plotting conventions as in Fig. 1.

allowed HOMO-LUMO transition la, — 3b, is dominant.
This explains the paramagnetic contribution of the HOMO to
the ring current in the intermediate case.

In the extreme case (ii) of a strong n-electron donor, as in le,
the interaction between the b; HOMO of the ring and the
substituent orbital is negligible, reducing the splitting between
the filled 2b, and la, orbitals, and leading to an inaccessible
high-energy virtual orbital centred on the substituent. The
main contributions are then from the translationally allowed
transitions from HOMO and HOMO-1 to their corresponding
ring-centred ©* orbitals, resulting in a 4-electron diamagnetic
ring current, exactly as in the unsubstituted cyclopentadienyl
anion.*

In the other extreme case (iii) of a strong m-electron acceptor,
as in la, it is the substituent orbital, lying well below the ring
orbitals, that is doubly occupied, and the 3b; virtual orbital
is now ring-centred. The dominating transition is therefore the
rotationally allowed la, — 3b,, across the small HOMO-
LUMO gap, producing a strong paramagnetic contribution.
A similar rotational transition within a symmetry-split @ pair
gives the general explanation of the paratropicity of the 4n
annulenes.®

Analogous reasoning applies to the heptafulvenes. In the
intermediate case, the HOMO/LUMO level of the ring splits
into filled 3b; and empty 2a, levels. The 3b; orbital is the
rotational partner of the 2a, LUMO, and the dominant 3b, —
2a, excitation gives a paramagnetic HOMO contribution to the
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a

Scheme 2 Orbital interaction diagram for substituted penta- and
heptafulvenes.

ring current. In the heptafulvene case, the effects of extreme
donors and acceptors are reversed with respect to the penta-
fulvenes: the rotational transition will be favoured by a strong
n-electron donor, owing to partial filling of formerly degenerate
7 orbitals, and the translational transition will be preferred
in the case of a strong acceptor. Thus strong m-donors lead
to paratropicity, strong acceptors to diatropicity in these
molecules.

In fact, the predictions for continuous variation of the sub-
stituent donor/acceptor properties can be modelled in a simple
way by a Hiickel calculation with variable a parameter on
X (Scheme 3). The change from electropositive (n-donor) to
electronegative (m-acceptor) X is modelled by eqn. (1)

0x = de T hxfec (1)

with sy running from —1 to +1.* As the effective electroneg-
ativity of the substituent increases, the HOMO-LUMO gap
in the pentafulvenes becomes smaller, because the LUMO
drops in energy, while for the heptafulvenes, it is the HOMO
that drops in energy, and the HOMO-LUMO gap therefore
becomes larger. These changes in energy gap for the active
transition modulate the current strength and correlate with the
above qualitative explanation of the trends in orbital contri-
butions. Indeed a calculation of the Hiickel-London type*+*
using the same variable-a model and an equilateral geometry
for the C, ring would give a current that goes from para-
magnetic to diamagnetic at iy = 0.105 (n = 5) and from dia-
magnetic to paramagnetic at iy = —0.059 (n = 7), qualitatively
accounting for both the full ab initio results and their orbital-
based rationalisation.

Conclusions

Ab initio calculations of the induced ring currents in small
odd-membered rings show pronounced substituent effects,
compatible with trends in aromaticity deduced from experi-
ment. The CTOCD-DZ approach used here gives a basis for
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seven-membered (below) rings C,H,X shown as a function of the
electronegativity parameter /.

explanation of these effects in terms of a balance of contribu-
tions to the 7 ring current from two frontier orbitals.

Orbital analysis of diatropic and paratropic contributions
gives a predictive model for the opposite effects of changes in
substituent n-donor strength in these rings of size 4n + 1 and
4n + 3, and links them in a common theoretical framework
with the description of aromaticity and anti-aromaticity of
pristine 4n + 2 and 4n rings.

Visualisation of the ab initio results has given here a detailed
justification for qualitative ideas based on the classical concepts
of resonance theory. Similar mapping techniques interpreted
on the basis of orbital symmetries and energy gaps should be
applicable to a wide range of organic systems.
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