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Quenching/survival of ring currents in π-clamped conjugated monocycles is controlled by the match or mismatch
in parity between the frontier orbitals of the central π-conjugated 4n�2/4n monocycle and those of the clamps.
Changes in ring current are not primarily caused by bond alternation or ‘Mills–Nixon’ effects; current and
geometry changes on clamping are both consequences of electronic structure.

Introduction
The correspondence between 4n�2/4n π-electron counts and
diatropic/paratropic ring currents in planar Hückel monocycles
stems from their characteristic frontier-orbital structure.1 Using
the ipsocentric partition of total (σ � π) current density into
orbital contributions,2 it can be shown that the induced currents
in the monocycles are dominated by HOMO–LUMO virtual
excitations, and hence can be ascribed to just four of the 4n�2
π-electrons in the diatropic case, and to two of the 4n π-electro-
ns in the paratropic case.1 As part of the exploration of
the concept of aromaticity, synthetic chemists have sought
for many years to subvert the Hückel rules and to make
unconventional monocycles by altering their natural geom-
etries. Benzene rings with strong bond alternation, e.g. 1 3 and
2,4 and planarised cyclooctatetraene (COT), e.g. 6,5 have been
produced using a “clamping” strategy, where annelation is used
to impose the desired geometric constraints (Scheme 1). In this
way, systems with positive and negative ‘Mills–Nixon effects’,6

i.e., positive and negative bond length differences, ∆R = R1 � R2

have been devised (see also Scheme 1).
As explicit mapping of current density shows, ring currents

survive in some of these novel clamped systems but not in
others; in 2 the characteristic diatropic benzene ring current
remains strong whereas it is quenched in 1 and in the tris(cyclo-
butadieno)-clamped model 4;7 in 6 and 7 the paratropic ring
current expected on the basis of the Hückel 4n rule is indeed
found, but is then predicted to disappear in the COT analogue
of 4, e.g. exo-8.8 This variety of behaviour has a ready explan-
ation in the orbital model based on the ipsocentric approach:
the survival/quenching of currents in functionalised 7–9 and con-
strained 10 systems such as 1–4 and 6–8, is rationalised by con-
sidering the extent to which the HOMO and LUMO of the
central ring remain intact, preserving the character of the dom-
inant virtual excitation(s). Annelation with saturated moieties,
as in 2, 6, and the related model systems containing cyclo-
butano clamps (3 7,9 and 7 8) leaves the π HOMO and π* LUMO
of the monocycle essentially undisturbed and, hence, preserves
the diatropic/paratropic current. On the other hand, annelation
with strongly interacting unsaturated moieties inserts new π and
π* levels into the gap, changes the set of active virtual excit-
ations and, hence, destroys the current (Fig. 1). This quenching
effect has been demonstrated computationally for 1, 4 and its
exo-COT analogue 8.7–9

Our subject here is another clamping group that frequently
features in discussions of aromaticity: the unsaturated 3,4-di-

methylenecyclobuteno unit.6,11,12 Although this group is
π-conjugated, the predicted bond alternation for tris(3,4-di-
methylenecyclobuteno)benzene (5, Scheme 1) is comparable to
that in tris(cyclobutano)benzene (3) where the clamping group
is saturated, and the computed nucleus-independent chemical
shift (NICS) value (ca. �10 ppm.12) in 5 indicates little change
in the magnetic character of the central ring, compared to
benzene itself. This appears to pose a problem for our rational-
isation of currents in terms of a saturated/unsaturated dichot-
omy.7–9 How does this clamping group fit with the scheme
presented in Fig. 1?

The present paper reports calculations of current maps for
tris(3,4-dimethylenecyclobuteno)benzene (5) and the COT
analogues endo-9 and exo-10 (Scheme 1), which lead to a gener-
alisation of the survival/quenching criteria. It is shown that
pictorial molecular orbital theory explains these ab initio results
and gives a concise predictive rationalisation of the effects of
the different π and σ clamping groups on magnetic properties.

Computational details

Geometries

Geometries were optimised at the RHF/6-31G** level of theory
using GAMESS-UK.13 Under the constraint of D3h symmetry,
tris(3,4-dimethylenecyclobuteno)benzene (5) was found to be a
true minimum, as shown by a Hessian calculation (Table 1). In
the case of tetrakis(3,4-dimethylenecyclobuteno) COT, there
are two conceivable valence isomers denoted endo (9) or exo

Fig. 1 The effect of clamping on the electronic structure of benzene
and 1,3,5,7-cyclooctatetraene (COT). In benzene and COT itself the
ring current arises from a translationally (T ) allowed HOMO–LUMO
vertical excitation, and a rotationally (R) allowed HOMO–LUMO
vertical excitation, respectively.2 When saturated groups are attached
(left), this transition is undisturbed, as the extra (usually σ) orbitals
from the clamping group lie outside the active π space, but when
unsaturated groups are attached (right), other magnetically active
orbitals often intrude into the frontier region. The present paper
discusses a case where no π intruder orbitals are in fact present.
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Table 1 Computed geometric and energetic data for clamped benzene 5 and COT systems 9a–c and 10a–b (see Scheme 1)

Compound R1
a [Å] R2

a [Å] ∆R a [Å] ∆Er
b [kJ mol�1] Nimag

c ∆EHOMO–LUMO
d [eV] jmax [au]

5 (D3h) e 1.405 1.377 0.028 — 0 9.66 (3e�  4e�) 0.067
        
endo-9a (D4h) 1.359 1.459 �0.100 48.99 4 f 6.62 (2b2u  2b1u) 0.121
endo-9b (D4) 1.356 1.456 �0.100 36.23 1 f 6.64 (10b2  11b1) 0.125
endo-9c (D2d) 1.349 1.455 �0.106 0.00 0 7.51 (12a1  9a2) 0.065
        
exo-10a (D4h) 1.504 1.328 0.176 16.82 5 f 6.45 (2b1u  2b2u) 0.097
exo-10b (D4) 1.500 1.326 0.174 8.45 0 6.44 (11b1  10b2) 0.096

a RHF/6-31G** carbon–carbon bond lengths; ∆R = R1 � R2 (see also Scheme 1). Similar results were obtained at the B3LYP/6-31G** level of theory.
b RHF/6-31G** ∆Er values with respect to endo-9c: Etot = �917.842429 au. c Number of imaginary frequencies at stationary point. d RHF/6-31G**
HOMO–LUMO gap. e RHF/6-31G**, 5: Etot = �688.397785 au. f Imaginary-frequency modes: endo-9a [102.3i, 90.9i (twofold degenerate) and 64.5i],
endo-9b (23.9i), and exo-10a [88.5i, 73.4i (twofold degenerate), 35.8i and 25.6i]. 

Scheme 1

(10) on the basis of double-bond positions with respect to the
clamps (Scheme 1),14 which are visualised separately as indi-
vidual maps.10 Optimisation of 9 under full planar D4h sym-
metry gave the high-order saddle point 9a. Upon relaxation, a
non-planar transition state of D4 symmetry (9b) and a true
minimum of D2d symmetry (9c) were identified (Table 1). Opti-
misation of the exo-isomer 10 under full planar D4h symmetry
gave again a high-order saddle point (10a), which relaxed
to a true minimum of D4 symmetry (10b) lying only 8.45 kJ
mol�1 above 9c (Table 1). Details of relative energies are given
in Table 1.

Magnetic properties

The σ-, π- and total (σ � π) current densities induced by a unit
magnetic field acting along the principal axis were computed
and mapped for 5, 9a–c and 10a–b using the ab initio CTOCD-
DZ (continuous transformation of origin of current density-
diamagnetic zero) method 15 in the 6-31G** basis set with the
SYSMO 16 program and at the RHF/6-31G** geometries. The
ipsocentric 2 character of this method leads to a natural parti-
tion of the total current density into physically distinct orbital
contributions, which can also be visualised as maps. For the

planar geometries, the maps are plotted in a plane 1 a0 above
the central ring, close to the maximum π density, where the
current flow is effectively parallel to the molecular plane. Con-
tours denote modulus of current density, and vectors represent
in-plane projections of the current. For the non-planar geom-
etries, the plotting plane lies 1 a0 above the molecular median
plane. In all plots, diatropic circulation is shown anti-clockwise
and paratropic circulation clockwise.

Results
Fig. 2 shows the total (σ � π) induced current density in the
plotting plane for 5 (D3h), the contribution of the full set of π
orbitals, and from the HOMO 3e� pair alone. It is seen that the
system supports a diatropic ring current, concentrated on the
central ring, arising from circulation of the π electrons and
dominated by the mobility of just four HOMO electrons. In
other words, 5 exhibits the classic magnetic characteristics of
unperturbed benzene. In the plotting plane the π current has a
maximum intensity jmax 0.067 au, to be compared with 0.08 au
for benzene 9 itself calculated in the same approach; π currents
within the unsaturated 3,4-dimethylenecyclobuteno clamping
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groups are localised and weak, as they are in the free 3,4-di-
methylenecyclobutene valence isomer of benzene.17

Fig. 3 shows, for the planar D4h geometry of the endo-valence
isomer of tetrakis(3,4-dimethylenecyclobuteno) COT (endo-
9a), the total (σ � π) induced current density in the plotting
plane, the contribution of the full set of π orbitals, and from the
non-degenerate 2b2u HOMO alone. It is seen that the system
supports a paratropic ring current, concentrated on the central
ring, arising from circulation of the π electrons and dominated
by the mobility of just the two HOMO electrons. The maps for
the exo-valence isomer (exo-10a) are not shown here as they are
generally similar in all respects. Thus, in planar form, 9a and
10a exhibit the magnetic characteristics of a delocalised, planar
D4h 8π-electron COT monocycle. In the plotting plane, the π
current has maximum intensities jmax 0.121 au (endo-9a) and
0.097 au (exo-10a), to be compared with 0.130 au for planar D4h

COT itself.8 The smaller current density in exo-10a is consistent
with previous results for planar angle-constrained [α(CCH) =

Fig. 2 CTOCD-DZ/6-31G**//RHF/6-31G** current density maps for
5 (D3h); (a) total (σ � π), (b) π-only and (c) 3e� HOMO contribution:
carbon � and hydrogen �.

90�] COT for which also an endo- (jmax 0.250 au) and exo-
(jmax 0.070 au) valence isomer were found (∆Eendo � exo = 202 kJ
mol�1).10 Again, π currents within the clamping groups are
localised and weak.

Furthermore, it turns out that loss of planarity does not
affect the essentials of the maps. Fig. 4 shows the total induced
current density in the plotting plane and the contribution of the
non-degenerate HOMO for the two non-planar local minima
exo-10b (D4) and endo-9c (D2d). As the plotting plane now cuts
some peripheral bonds, the total induced current density maps
show extra features in this region, but the ring currents remain
essentially identical with those of the planar forms [in the
central region jmax 0.096 au (exo-10b) and 0.065 au (endo-9c)].
Significantly, in both cases the current is still attributable
almost entirely to the two electrons of the π-derived HOMO.
The paratropic current survives at the global minimum geom-
etry, endo-9c. This current exists in spite of the tub-like con-
formation of the COT ring in 9c. Free COT has a localised

Fig. 3 CTOCD-DZ/6-31G**//RHF/6-31G** current density maps
for endo-9a (D4h); (a) total (σ � π), (b) π-only and (c) 2b2u HOMO
contribution: carbon � and hydrogen �.
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Fig. 4 CTOCD-DZ/6-31G**//RHF/6-31G** current density maps for two local minima, exo-10b (D4) and endo-9c (D2d); (a) total for exo-10b,
(b) 11b1 HOMO contribution in exo-10b, (c) total of endo-9c (a cut-off of 0.1 was applied to remove the large arrows where bonds are cut by the
plotting plane) and (d) 12a1 HOMO contribution in endo-9c: carbon � and hydrogen �.

electronic structure and does not support a ring current,8 but
in the present case the deviation from planarity is smaller
[RHF/6-31G** dplane. . .plane 0.41 Å (9c) and 0.76 Å (free COT) 8]
and π-orbital overlap is evidently sufficient to maintain
delocalisation.

The main conclusion from the maps of clamped benzene and
COT systems is that the unsaturated 3,4-dimethylenecyclo-
buteno moiety acts in the same way as the saturated cyclo-
butano-group (Scheme 1). The two groups impose a similar
degree of bond alternation on benzene (Table 1). Likewise,
although the steric bulk of the 3,4-dimethylenecyclobuteno
clamp prevents complete flattening of COT, bond alternation
effects in the two clamped COT systems are similar (Table 1).
Both clamps are similarly ineffective in changing the diatropic
character of benzene and the paratropic character of planar
COT. Thus, although the 3,4-dimethylenecyclobuteno moiety is
unsaturated, it is behaving much as if it were a saturated clamp.
The challenge is to reconcile this with the existing orbital-based
rationale.

Discussion
From ab initio calculated maps we now have examples of
two distinct types of unsaturated clamping group: the cyclo-
butadieno clamp, which quenches the monocycle currents,7,8

and the 3,4-dimethylenecyclobuteno clamp, which does not. In
fact, the qualitative difference between them can be understood
easily in terms of pictorial molecular-orbital arguments.

First consider the cyclobutadieno clamp in 4. Attachment of
three clamps imposes D3h symmetry on the hexagonal mono-
cycle and in this point group the π orbitals of benzene span a1�
� a2� � 2e�, so that its HOMO and LUMO become equisym-
metric in the lowered symmetry. The cyclobutadieno clamps
contribute a second copy of a1� � a2� � 2e�. Interaction pro-
duces a new π system in which every molecular orbital contains

symmetry-matched contributions from clamps and the central
ring. A correlation diagram for the composite system can be
constructed by taking a formal starting point of three ethenes
and one benzene and allowing the resonance parameter for the
six connecting carbon–carbon bonds to grow smoothly from
0 to its full value β. This reveals the salient features of the
frontier π molecular orbitals in 4: the HOMO of 4 belongs to
the non-degenerate a2� symmetry and is formed by out-of-phase
combination of the lowest π orbital of benzene and the π bond-
ing orbitals of the three ethene moieties [Fig. 5 (a)]. The origin-
al HOMO of benzene contributes not to the HOMO of the
composite system, but to the e� HOMO-1 pair, where it is in
near-equal admixture with the original LUMO of benzene and
with bonding/anti-bonding orbitals of the three ethenes [Fig. 5
(b)]. Thus, the HOMO of 4 is the combination 

0.53ψ1[a2�] � 0.85ψ2[a2�]

of the (normalised) basis functions on inner (i = 1) and outer
(i = 2) sets of carbon centres, 

ψi[a2�] ∼{�1,�1,�1,�1,�1,�1,}

The HOMO-1 pair of 4 is a strong mixture of HOMO and
LUMO of the central ring, containing near-equal amounts of
basis functions 

ψi[1e�] ∼{�1,�1,0,�1,�1,0}, ∼{�1,�1,�2,�1,�1,�2}

and 

ψi[2e�] ∼{�1,�1,0,�1,�1,0}, ∼{�1,�1,�2,�1,�1,�2}

(respectively central HOMO and central LUMO when i = 1) in
the combination 
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�0.56ψ1[1e�] � 0.43ψ1[2e�] � 0.27ψ2[1e�] � 0.65ψ2[2e�]

As the system remains an alternant at all stages of the inter-
action, the compositions of a1� LUMO and e� LUMO � 1
orbitals follow by reversing relative signs of coefficients on the
two sets of centres composing this bipartite graph.

Thus, the separate identity of the benzene frontier orbitals is
lost in this clamped system and the dominant occupied-to-
virtual transitions are no longer simple monocycle HOMO–
LUMO transitions. According to the ipsocentric approach the
monocycle ring current can be expected to be quenched, as is
indeed found to be the case in explicit ab initio calculations.9 At
the RHF/6-31G** level, 2a2� and 2e� are still almost isoener-
getic with 2a2� moving to just below 2e�, and 1a1� and 3e� stay as
LUMO and LUMO � 1, respectively. The composition of the
frontier orbitals, and therefore the explanation of ring-current
activity, remains as described at the Hückel level (see Fig. 2 of
reference 7).

In contrast, with the 3,4-dimethylenecyclobuteno clamp, the
composite π system (5) spans three copies of the symmetry a1�
� a2� � 2e�, and the orbitals can be formally derived from the
interaction of a benzene unit with three butadiene moieties. The
e� HOMO pair in the clamped system contains a benzene-like
HOMO on the central ring, only lightly contaminated by the
benzene LUMO and combined in anti-bonding fashion with
butadiene bonding orbitals [Fig. 5 (c)].

With basis functions defined as above for the inner, middle
and outer sets of six equivalent carbon centres (i = 1,2,3), the
HOMO pair of 5 is the combination 

�0.57ψ1[1e�] �0.10ψ1[2e�] �0.31ψ2[1e�] �0.14ψ2[2e�]
�0.68ψ3[1e�] �0.31ψ3[2e�]

and the a1� frontier orbital of 5 is an in-phase combination of
the fully antibonding combinations on all three sets of six
centres: 

�0.21ψ1[a1�] �0.58ψ2[a1�] �0.79ψ3[a1�]

Fig. 5 Hückel frontier bonding orbitals for the clamped benzenes 4
and 5 (see also Scheme 1).

with 

ψi[a1�] ∼ {�1,�1,�1,�1,�1,�1}.

The contributions from the orbitals of the butadiene moieties
(i.e., middle and outer sets of carbon centres) to HOMO and
LUMO of 5 are large, but as these frontier orbitals have a close
local match on the central ring to those of benzene [Fig. 5 (d)],
the transition integrals governing central ring current will be
similar to those in the unperturbed monocycle. Thus, the
monocycle ring current will persist, as is indeed found to be the
case in the ab initio calculations described above.

Similar reasoning applies to the interactions of the two dif-
ferent π clamps with COT. The strong paratropic current in
planar COT arises from the rotationally allowed transition
across the small energy gap between the b2u � b1u HOMO–
LUMO pair.8 Clamping with four cyclobutadieno units (exo-8)
leads to orbital reordering and quenching of the current,
whereas the system with four 3,4-dimethylenecyclobuteno
clamps (endo-9a and exo-10a) retains the native COT frontier-
orbital symmetries and, hence, the paratropic current.

Conclusions
This simplified model of the π clamped species as interacting
polyene � monocycle systems shows the key to the difference
between the two types of π clamp. The difference lies in the
topological match or mismatch between frontier orbitals of
the incoming polyene moiety and those of the central mono-
cycle. In the case of ethene, the single π bonding orbital of
the clamp presents in-phase centres to the benzene of 4; no
combination of in-phase ethene HOMO’s can match the
HOMO of benzene. When the incoming polyene is butadiene,
the highest occupied orbital presents an out-of-phase pair to
benzene in 5 and, hence, a mixture of occupied orbitals that can
match the benzene HOMO. Thus, the essential difference
between the π clamps is one of parity. Many predictions con-
cerning the ring current effects of polyene clamps of varying
lengths and positions of attachment follow as direct corollaries.
In particular, 4 and 5, and likewise their COT analogues, can be
seen as the first two members of a series in which quenching
and survival of ring currents is modulated by the odd or even
number of the atoms in the symmetrically placed clamping
polyene.

Note that this explanation of quenching/survival of current
is logically independent of the degree of bond alternation in the
clamped monocycle. Ring currents are known to be remarkably
robust against pure geometrical change,10 and indeed the pic-
torial molecular orbital model 1,2 does predict alternation of
bond order, and hence bond length, in the clamped monocycles:
the alternation in π bond order is stronger for 4 and 8, and
weaker for 5 and 9/10, with consequences for their geometries
that are qualitatively consistent with the full ab initio results.
Although there is a history of discussion in the literature of
the origin, direction and extent of bond alternation in clamped
π-conjugated systems, i.e. the Mills–Nixon effect,6 our point
here is that changes in ring current are not primarily caused by
the geometrical changes; both are consequences of electronic
structure. The key to the understanding of the effects of σ and π
clamps, and to the differential effects of different π clamps, lies
in the nature of the frontier orbitals.
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