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Abstract

Spin-coupled (SC) theory is used to obtain modern valence-bond (VB) descriptions of the electronic

structures of local minimum and transition state geometries of three species that have been con-

sidered to exhibit homoconjugation and homoaromaticity: the homotropenylium ion, C8HC
9 , the

cycloheptatriene neutral ring, C7H8, and the 1,3-bishomotropenylium ion, C9HC
11. The resulting

compact SC wavefunctions are of comparable quality to CASSCF constructions that are based on

the same “N electrons in M orbitals” active spaces, but they are much easier to interpret directly.

Analysis of the forms of the SC orbitals and of the overlaps between them, as well as an exami-

nation of the compositions of the associated resonance patterns, strongly suggest that both of the

homotropenylium and 1,3-bishomotropenylium ions are homoaromatic at their local minimum ge-

ometries, with all of the other cases that were considered being non-aromatic. The SC results also

show that the differences between “no-bond” and “bond” homoconjugated systems are very likely

to be much smaller than previously thought.

1 Introduction

Homoconjugation and homoaromaticity (a detailed account of the history of these concepts can be found

in refs 1–3) are usually interpreted using a simple orbital model: In a homoconjugated system, the

continuous chain of p� orbitals contributed by sp2 hybridized atoms is interrupted by one or more

non-neighboring sp3 hybridized atoms but the p� orbital overlaps involving centers connected to a sp3

hybridized atom remain sufficiently large so as to sustain conjugation; a homoaromatic molecule, fol-

lowing the well-known Hückel rule, includes a homoconjugated cycle with 4n C 2 � electrons. A

classical example of a Hückel-type homoaromatic molecule is provided by the homotropenylium ion,

C8HC
9 (often referred to as homotropylium). This ion features an eight-membered ring involving seven

sp2 hybridized carbons, ordered very much as in the tropylium ion, C7HC
7 , but with the addition of a

methylene bridge jutting out of the nearly planar seven-atom arrangement. It is also possible to define

and to explore Möbius-type homoaromaticity, utilizing a 4n electrons rule.4

Support for this simple orbital model of homoconjugation is usually sought through visual exami-

nation of the delocalization patterns of the molecular orbitals (MOs) from Hartree-Fock (HF) or Kohn-

Sham density functional theory (DFT) calculations. However, analyses of this type do not provide details

about the extent to which an intervening sp3 hybridized atom changes the sequence of p� orbital over-

laps in the homoconjugated chain. It is also important to remember that examination of individual MO

shapes becomes less relevant in post-HF approaches which make use of multiconfiguration wavefunc-

tions that correspond to MOs with fractional occupation numbers.
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On the other hand, valuable insights into the electronic structure of homoaromatic molecules can be

gained by analyzing the total electron density through Bader’s Atoms in Molecules (AIM) approach,5

or through the related topological analysis of the electron localization function (ELF).6 Early work7

found a bond critical point along the path linking the carbon atoms that are connected to the intervening

methylene group in the homotropenylium ion. This was taken to indicate homoconjugation and bond

homoaromaticity in this system. However, a detailed AIM analysis of the total electron density in the

homotropenylium ion at more reliable geometries1 showed that it should be viewed as a “no-bond”

homoaromatic system; this is also supported by the ELF results of Lepetit et al.8 Interestingly, these

ELF results suggest that the weights of the “resonance forms” for the homotropenylium ion, in which

the p� orbitals on both sides of the methylene group form a bond, are equal to zero, while the other

“resonance forms” are of equal weight. Cremer et al. have formulated a set of AIM-based rules for

“bond” homoaromaticity and “no-bond” homoaromaticity;1 an alternative set of ELF-based rules has

been defined by Lepetit et al.8

In this paper we use spin-coupled (SC) theory to obtain modern valence bond (VB) descriptions of

the electronic structures of certain potentially homoaromatic species: the homotropenylium ion, C8HC
9 ,

the cycloheptatriene neutral ring, C7H8, the homoaromaticity of which was established by Schleyer et

al.,2 and the 1,3-bishomotropenylium ion, C9HC
11, which features two sp3 hybridized carbons.9

In its original form,10, 11 the SC wavefunction is equivalent to the full generalized valence bond

(full-GVB) wavefunction12 and includes a “N electrons in N orbitals” active space, in which a single

product of N non-orthogonal active orbitals is multiplied by a general N -electron spin function. In

most applications, the SC(N;N ) [or simply, SC(N )] wavefunction provides a close approximation to

the corresponding “N in N ” complete-active-space self-consistent field (CASSCF) wavefunction. The

SC(N ) wavefunction typically proves much easier to interpret, not least because it can be represented

in terms of a relatively small number of VB resonance structures, the most important of which are

usually found to be the ones expected from chemical intuition (for a review, see ref 13). An easy-to-

follow example is provided by the SC description of the �-electron system of benzene.14–16 The six

� electrons are placed in a single product of six non-orthogonal active (or SC) orbitals, the spins of

which are coupled in all five possible ways that lead to an overall singlet. The optimal SC orbitals turn

out to be well-localized, similar in shape to C(2p� ) atomic orbitals with small symmetrical protrusions

towards neighboring carbons, while the optimal spin-coupling pattern, if expressed in terms of Rumer

spin functions,17 reveals the presence of two equivalent dominant Kekulé-like structures and three less

important equivalent Dewar-like (or para-bonded) structures. This SC picture reproduces the essential

features of the well-known classical VB description of benzene in terms of resonance structures, and

comes from a wavefunction which accounts for almost 90% of the “non-dynamic” correlation energy

incorporated in a “6 in 6” �-space CASSCF [CASSCF(6,6)] wavefunction.16 An extension of SC theory

to “N in M ” (N ¤ M ) active spaces was introduced in ref 18. The SC(N;M ) wavefunction retains

the essential features of the original SC model: It includes just the products of non-orthogonal orbitals

corresponding to all distributions of N electrons amongst M orbitals in which the smallest number of

orbitals possible, jN � M j, are doubly-occupied (for N > M ) or omitted (for N < M ), and all other

orbitals are singly-occupied; each of these products is combined with a flexible spin function which

permits any allowed mode of coupling of the spins of the orbitals within the product.

We show here that SC theory is capable of producing convincing highly visual orbital models of the

electronic structures of homoaromatic molecules that can provide direct numerical estimates of quan-
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tities that are difficult to access through alternative approaches. Such quantities include the overlaps

between consecutive active orbitals around the ring, including those associated with atoms connected to

a sp3 hybridized carbon, and the extents to which different spin-coupling patterns (that can be linked to

VB resonance structures) contribute to the overall wavefunction.

2 Results and Discussion

The gas-phase ground state geometries of the homotropenylium ion, neutral cycloheptatriene and the

1,3-bishomotropenylium ion were optimized using second-order Møller-Plesset perturbation theory with

the cc-pVTZ basis, including all orbitals in the correlation treatment [MP2(Full)/cc-pVTZ]. For each of

these systems we obtained a local minimum geometry of Cs symmetry and a transition state (TS) geom-

etry of C2v symmetry (see Figure 1). In the case of the 1,3-bishomotropenylium ion we could also locate Place

Figure 1

near here.

two additional tricyclic local minima, of Cs and C2 symmetry, corresponding to cis and trans arrange-

ments of the methylene groups, respectively (see Figure 2). As the best known theoretical geometry of
Place

Figure 2

near here.

the homotropenylium ion is the MP2(Full)/6-31G(d) one reported by Cremer et. al.,19 we carried out

additional optimizations of the respective local minimum and TS geometries of the homotropenylium

ion at this level of theory (see Figure 1); our MP2(Full)/6-31G(d) local minimum and TS geometries

are identical to those from ref 19. The local minimum or TS character of each optimized geometry

was verified through a calculation of analytical harmonic vibrational frequencies. All of these calcu-

lations were performed with GAUSSIAN09,20 using the “VeryTight” convergence criteria in geometry

optimizations.

The vibrational frequencies of the Cs symmetry local minimum geometries of the homotropenylium

ion calculated at the MP2(Full)/cc-pVTZ and MP2(Full)/6-31G(d) levels are reasonably similar (the

lowest four of these are given in Table 1). However, an analogous comparison for the C2v symme- Place

Table 1

near here.

try TS geometries reveals pronounced decreases in i Q�1, Q�2 and Q�3 at the MP2(Full)/6-31G(d) level.

This suggests that the MP2(Full)/6-31G(d) TS geometry might be affected by the so-called “insidious

two-electron intramolecular basis set incompleteness error”, due to which popular quantum chemical

methods, including MP2, in combination with certain basis sets, may erroneously predict that benzene

and certain arenes are nonplanar21 (see also ref 22). As a result of this observation, we consider the

MP2(Full)/cc-pVTZ geometries to be more reliable than those from MP2(Full)/6-31G(d). It should be

noted that the MP2(Full)/cc-pVTZ Cs symmetry local minimum geometry of the homotropenylium ion

shows a slightly lower extent of carbon-carbon bond equalization in comparison to its MP2(Full)/6-

31G(d) counterpart (see Figure 1). Our MP2(Full)/cc-pVTZ local minimum geometry for cyclohepta-

triene is very similar to the MP2/def2-TZVP geometry reported by Sundholm et al.23

Given that we are using SC theory, an active space approach, to describe the electronic structures

of popular examples of potentially homoaromatic species, we need to specify the sizes of the active

spaces appropriate for the homotropenylium ion (1, 1-TS), neutral cycloheptatriene (2, 2-TS) and the

1,3-bishomotropenylium ion (3, 3-TS) (see Figure 1). Clearly, each of 1, 1-TS, 3 and 3-TS requires a “6

in 7” active space, whereas 2 and 2-TS require “6 in 6” active spaces. However, the tricyclic 3-cis and

3-trans (see Figure 2) would require larger active spaces, at least “10 in 11”, if we were to include in

the active space the orbitals describing two bonds from each cyclopropyl ring (those above and/or below

the seven-membered ring); the required active space size would of course increase even further if, for

consistency, it was extended so as to include orbitals that describe the additional predominantly � bonds.
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Considerations along these lines suggest that active space methods, such as SC and CASSCF, are not the

most appropriate for systems exhibiting “bond” homo(anti)aromaticity following from cyclopropyl ho-

moconjugation.1 As a consequence, we focus in this paper on the “no-bond” potentially homoaromatic

systems 1, 2 and 3 and on the corresponding transition states 1-TS, 2-TS and 3-TS.

We carried out fully-variational SC(6,7) and CASSCF(6,7) calculations for 1, 1-TS, 3 and 3-TS,

and fully-variational SC(6) and CASSCF(6,6) calculations for 2 and 2-TS. We used the cc-pVTZ basis

in all of these calculations and the geometries that we optimized at the MP2(Full)/cc-pVTZ level of

theory. All SC calculations were performed by means of the CASVB algorithms24–27 implemented in

MOLPRO;28, 29 all CASSCF results were obtained with both GAUSSIAN0920 and MOLPRO.28, 29

The SC(6,7) wavefunction used for 1, 1-TS, 3 and 3-TS can be written in the following form:

	00.6; 7/ D OA
�

(core)
�

 2 3 4 5 6 7�
6
1I00

C  3 4 5 6 7 1�
6
2I00 C  4 5 6 7 1 2�

6
3I00 C  5 6 7 1 2 3�

6
4I00

C  6 7 1 2 3 4�
6
5I00 C  7 1 2 3 4 5�

6
6I00 C  1 2 3 4 5 6�

6
7I00

��

(1)

where “(core)” denotes the doubly-occupied orbitals accommodating the core electrons (25 core orbitals

for 1 and 1-TS, and 29 core orbitals for 3 and 3-TS), and the  � are singly-occupied nonorthogonal

SC (or active) orbitals. The “00” subscripts indicate the values of the total spin S and its z-projection,

i.e. MS , S D MS D 0. In this expression, �6
�I00 denotes a general S D MS D 0 six-electron spin

function associated with the SC orbital product that omits SC orbital  � ,

�6
�I00 D

5
X

kD1

C�I0k�
6
00Ik (2)

where �6
00I1–�6

00I5 stand for the five linearly independent six-electron singlet spin functions expressed

in a suitable spin basis. Note that the �6
�I00 functions are not individually normalized, so that the

variationally-determined C
�I0k

coefficients take into account the relative importance of the orbital prod-

uct labelled � in the final wavefunction. 2 and 2-TS were described using a more compact traditional

SC(6) wavefunction with 22 doubly-occupied core orbitals,

	00.6/ D OA
�

(core) 1 2 3 4 5 6�
6
00

�

(3)

in which �6
00 is defined analogously to the spin function in Eq. (2), but dropping the (now superfluous)

orbital product index �.

As usual, the core and SC orbitals were approximated, just as in molecular orbital (MO) theory, by

linear expansions in the full cc-pVTZ basis set for the respective molecule. All of the orbital coefficients

and spin-coupling coefficients, C�;0k or C0k , were determined variationally, by minimizing the energy

expectation value of the SC wavefunction. In order to obtain clearer VB-style descriptions for 1-TS and

3, two additional SC(6,7) calculations were carried out maintaining, in each case, orthogonality between

a pair of SC orbitals (vide infra). These constraints turned out to have very low impacts on the converged

SC energies, amounting to under 0.3 mEh for 1-TS and under 0.2 mEh for 3, but led to much easier to

interpret solutions.

The total energies of the HF, SC and CASSCF wavefunctions for the “no-bond” homoaromatic

systems 1, 2 and 3, and the corresponding transition states 1-TS, 2-TS and 3-TS, and the percentages of

CASSCF correlation energy accounted for by the SC wavefunctions are shown in Table 2, together with Place

Table 2

near here.4



the numbers of configuration state functions (CSFs) included in each SC or CASSCF wavefunction. The

percentages of CASSCF correlation energy recovered by the SC wavefunctions for all homoaromatic

systems studied in this paper are very high, well above the 89.5% achieved by the SC(6) wavefunction for

benzene [measured against CASSCF(6,6), cc-pVTZ basis18]. This is an indication that the respective SC

wavefunctions provide very close approximations to the corresponding CASSCF constructions despite

making use of much smaller numbers of CSFs.

The symmetry-unique SC orbitals from the SC(6,7) wavefunctions for 1 and 1-TS are shown in

Figure 3. With the exception of  7 in 1 (and its symmetry-related partner  1), the SC orbitals look Place

Figure 3

near here.

like C(2p� ) atomic orbitals with small protrusions towards one or both neighboring carbons. Orbital

 4, in both 1 and 1-TS, closely resembles a SC orbital in benzene (for a picture in a similar style, see

ref 18). Orbitals  7 and its symmetry-related partner  1 in 1 extend over two centers each which allows

these orbitals to overlap more efficiently across the methylene bridge. The shape of  7 suggests that, in

addition to the C(2p� ) character which is spread unevenly between the carbons on the two sides of the

methylene bridge, this orbital has some C(2s) character; as a result, the bonding interaction between  7

and  1 across the methylene bridge has elements of both � and � bonds.

The existence of a well-defined bonding interaction between  7 and  1 shows that the differences

between “no-bond” and “bond” homoconjugated systems are much smaller than previously thought; it

is not difficult to imagine how the shapes of  7 and  1 would evolve into typical sp3 hybrids as the

distance was reduced between the two carbon atoms on either side of the methylene bridge. On the other

hand, increasing the distance between these carbons, as in 1-TS, makes these two orbitals much more

C(2p� )-like. The rather different shape of  7 in 1-TS, and its wider separation from the corresponding

 1, strongly suggest that the interaction between these two orbitals should be rather weak. An exam-

ple intermediate between 1 and 1-TS can be seen in a SC study of bicyclic 1,6-methano[10]annulene

(“homonaphthalene”)30 which describes an interaction between SC orbitals across a methylene bridge

over a distance of 2.125 Å. The SC orbitals reported in ref 30 still have some two-center character but

are much more C(2p� )-like than those in 1.

These observations are reinforced by the overlap integrals between the SC orbitals in 1 and in 1-

TS, listed in Table 3. The h 1j 7i overlap of 0.498 in 1 is the largest overlap between adjacent SC Place

Table 3

near here.

orbitals for this structure, whereas the corresponding overlap in 1-TS is very low, just 0.005. The overlap

integrals between adjacent SC orbitals in 1, taken in the sequence h 1j 2i, h 2j 3i, h 3j 4i, h 4j 5i,

h 5j 6i, h 6j 7i, h 1j 7i, show a fair degree of equalization; the overlap integrals from this sequence

are comparable to the overlap integrals of 0.435 for adjacent SC orbitals in the tropylium cation.18 We

observe lower values (0.358) for the identical overlaps h 1j 2i D h 6j 7i. The overlap integrals from

the analogous sequence in 1-TS exhibit pronounced alternation: the values of h 1j 2i D h 6j 7i and

h 2j 3i D h 5j 6i are consistent with the � components of “double” and “single” carbon-carbon

bonds, respectively, in a conjugated system, whereas h 3j 4i D h 4j 5i are very close to the overlap

integrals of 0.525 between adjacent SC orbitals in benzene.18 Due to the shorter distances between non-

adjacent carbon atoms in 1, the overlap integrals between SC orbitals based on such atoms are larger in

magnitude than their counterparts in 1-TS; however, none of the overlap integrals between non-adjacent

SC orbitals in 1 and 1-TS are large enough to suggest important bonding interactions.

The pair of SC orbitals constrained to be orthogonal in the SC(6,7) calculation for 1-TS were  3

and  5. The data in Table 3 shows that this constraint should have only a very minor effect on the active

space orbitals, given that it sets to zero a small overlap between non-adjacent SC orbitals; the magnitude
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of the corresponding h 3j 5i overlap in 1 is just 0.066.

The relative importance of the different six-electron singlet spin functions participating in the SC(6,7)

wavefunctions for 1 and for 1-TS are illustrated in Figure 4, which shows all spin functions with Place

Figure 4

near here.

Chirgwin-Coulson weights31 higher than 3%. It proved most informative in the present study to work

in the Rumer spin basis.17 All of the Chirgwin-Coulson weights are calculated within the spin space

which, for the SC(6,7) wavefunction from Eq. (1), is given by �6
1I00 C�6

2I00 C : : :C�6
7I00 and, for the

SC(6) wavefunction from Eq. (3), by �6
00. The Rumer spin functions shown in Figure 4 are represented

through appropriately modified Rumer diagrams, which allow a direct link to the concept of resonance

used in classical VB theory. The numbers 1–7 in each diagram correspond to SC orbitals  1– 7 and

the � bond framework is shown by lines connecting these numbers, whereas singlet two-electron active

space spin functions are denoted either as “double” bonds, or using dotted lines for orbitals on centers

that are not connected by � bonds. For example, the third diagram in the top row of Figure 4 corresponds

to the Rumer spin function

.1� 7; 2� 3; 4� 5/ D 2�3=2Œ˛.1/ˇ.7/� ˛.7/ˇ.1/�Œ˛.2/ˇ.3/� ˛.3/ˇ.2/�Œ˛.4/ˇ.5/� ˛.5/ˇ.4/� (4)

The seven most important Rumer spin functions in 1, with a combined weight of ca. 54%, are all

Kekulé-style and equivalent to those participating in the seven most important symmetry-equivalent

VB structures in the tropylium cation.18 Each of these Rumer spin functions couples to singlets the

spins of three pairs of neighboring SC orbitals, creating either three almost � bonds as, for example, in

.1 � 2; 3 � 4; 5 � 6/, or two almost � bonds and a bond across the methylene bridge as, for example,

in .1 � 7; 2 � 3; 4 � 5/. Closer examination reveals that all of the Rumer spin functions from the

top row of Figure 4 involve a hexatriene-like conjugated fragment composed of either a sequence of

three almost � bonds, or a sequence of two almost � bonds and a bond across the methylene bridge.

Having the bond across the methylene bridge at the end of the hexatriene-like conjugated fragment, as

in .1 � 7; 2 � 3; 4 � 5/ and .1 � 7; 3 � 4; 5 � 6/, turns out to be only slightly less favorable than having

a hexatriene-like conjugated fragment that features three almost � bonds, as in .1 � 2; 3 � 4; 5 � 6/

and .2 � 3; 4 � 5; 6 � 7/. Having the bond across the methylene bridge in the middle of the hexatriene-

like conjugated fragment, as in .1 � 7; 2 � 3; 5 � 6/, turns out to be less efficient, but this is still more

advantageous than the situation in .1�2; 3�4; 6�7/ and .1�2; 4�5; 6�7/, where the bond across the

methylene bridge turns out to be less capable of sustaining conjugation than is a carbon-carbon single

bond, and so we end up with combinations of butadiene-like and ethene-like conjugated fragments. All

of the remaining Rumer spin functions in 1 with individual weights higher than 3% involve one “long

diagonal” bond; VB structures including Rumer spin functions of this type were also found to be the

second most important ones in the tropylium cation.18 Taken together, the Rumer spin functions for 1

shown in Figure 4 account for a considerable part, a little over 84%, of the spin space. The shapes of the

SC orbitals for 1, the overlaps between them and the composition of the spin space all strongly suggest

that the electronic structure of 1 closely resembles that of the tropylium cation,18 and that 1 is aromatic,

but less so than the tropylium cation.

It is interesting to compare the SC picture of the resonance in 1 to the ELF results of Lepetit et al.8

According to the ELF analysis, which considers “resonance forms” corresponding only to the Kekulé-

style Rumer spin functions, the combined weight of the “resonance forms” corresponding to the first

two Rumer spin functions for 1 from Figure 4, and the combined weight of the “resonance forms”

corresponding to the Rumer spin functions in positions 6 and 7, are identical and equal to 50%, whereas
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the weights of the “resonance forms” involving a 1–7 “bond” (corresponding to the Rumer spin functions

in positions 3, 4, and 5) are all equal to zero. SC theory agrees with ELF on the importance of the first

two Rumer spin functions in Figure 4 but, due to the existence of a well-defined bonding interaction

between  1 and  7, assigns (through the variational optimization of the wavefunction) rather different

weights to all of the other Kekulé-style Rumer spin functions.

The increased distance in 1-TS between the carbon atoms on either side of the methylene bridge not

only changes the shapes of SC orbitals  1 and  7, and decreases the overlap between them, but it also

leads to a very different composition for the spin space, relative to that for 1 (see Figure 4). None of the

spin functions for 1-TS with individual weights higher than 3% feature singlet coupling between  1 and

 7; indeed, the combined weight of all spin functions for 1-TS that include this type of singlet coupling

is just 1.4%, as opposed to 38.0% in 1. This result, taken together with the observations made previously

about the shapes of the SC orbitals for 1-TS and the overlaps between them, indicates that the electronic

structure of 1-TS resembles that of a non-aromatic open-chain heptatrienyl cation. The most important

Rumer spin functions in 1-TS, the symmetry-equivalent .1�2; 3�4; 6�7/ and .1�2; 4�5; 6�7/, with

a weight of 34.8% each (cf. the much lower weights of the corresponding spin functions in 1, just 4.3%

each) account for the resonance associated with the possibility of placing the positive charge at positions

5 or 3, respectively. This type of resonance would also be observed in an allyl cation described using

a SC(2,3) wavefunction, the SC orbitals in which would be very similar to  3,  4 and  5. We find no

evidence to suggest that 1-TS might be antiaromatic, as was argued in Refs. 32,33; it seems unlikely that

using a SC(10,11) wavefunction to include in the active space also the two aliphatic C–H bonds from

the methylene group space would result in a resonance pattern that could be identified as antiaromatic.

We turn now to the results for the cycloheptatriene neutral ring, C7H8. The symmetry-unique SC

orbitals from the SC(6) wavefunctions for 2 and for 2-TS are shown in Figure 5, the overlaps between the

SC orbitals for these systems are listed in Table 4, and the Chirgwin-Coulson weights of the Rumer spin

functions from the corresponding spin spaces are reported in Figure 6 (the Rumer diagrams included in

this figure follow the conventions adopted in Figure 4). In contrast to the situation observed for 1 and Place

Figure 5,

Table 4 and

Figure 6

near here.

1-TS, the differences between SC orbital shapes, overlaps and spin space compositions for 2 and 2-TS

are considerably smaller. This can be attributed to the large separations between the carbon atoms on

the two sides of the methylene bridge in each of these structures, 2.354 Å in 2 and 2.587 Å in 2-TS (see

Figure 1). The overlap integral h 1j 6i and the weights of the Rumer spin functions that feature singlet

coupling between  1 and  6, .1 � 6; 2 � 3; 4 � 5/ and .1 � 6; 2 � 5; 3 � 4/, are all slightly larger in

2 than in 2-TS, suggesting a weak bonding interaction across the methylene bridge which is, however,

insufficient to allow the establishment of overlap and resonance patterns that are similar to those in

benzene. The various features of the SC(6) wavefunctions for 2 and 2-TS that are displayed in Figures 5

and 6 and in Table 4 indicate that the electronic structures of both of these systems resemble that of

1,3,5-hexatriene. This finding implies that both of 2 and 2-TS are non-aromatic whereas, according to

Sundholm et al.,23, 34 the ring-current strength in 2, calculated using the gauge-including magnetically

induced current method (GIMIC),34 is about half the benzene value, suggesting that 2 is half as aromatic

as benzene. The SC results reported here show instead that the differences between the aromaticities of

2 and benzene are much more substantial.

Whereas 2 and 2-TS featured relatively large distances between the carbon atoms on either side of

the methylene bridge, the results of our MP2(Full)/cc-pVTZ geometry optimizations show that the cor-

responding distances for both of the methylene bridges in 3 are slightly shorter than in 1 (see Figure 1).
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This suggests that it would be reasonable to expect some common features in the SC(6,7) descriptions

of 1 and 3. The symmetry-unique SC orbitals from the SC(6,7) wavefunctions for 3 and for 3-TS are

shown in Figure 7. Clearly,  3 in 3 is very similar in shape to  4 in 1, and  4 in 3 is similar in shape Place

Figure 7,

Table 5 and

Figure 8

near here.

to both  5 and  6 in 1. The next two SC orbitals in 3,  5 and  6, overlap across one of the methylene

bridges and closely resemble their counterparts in 1, orbitals  7 and  1. However, a comparison of the

overlap integrals between adjacent SC orbitals in 1 and in 3 reveals some significant differences (see

Tables 3 and 5 and Figure 8). The orbital overlaps across the slightly shorter methylene bridges in 3,

h 5j 6i D h 1j 7i, are somewhat larger than the corresponding overlap in 1, h 1j 7i, suggesting

stronger bonding interactions. The overlaps h 2j 3i D h 3j 4i in 3 are also larger than their coun-

terparts in 1, h 3j 4i D h 4j 5i. All of the other overlaps between adjacent SC orbitals in 3 are con-

siderably lower, especially the overlap h 6j 7i between neighboring orbitals engaged in bonds across

different methylene bridges. Overall, the alternation in the values of the overlaps between adjacent SC

orbitals around the ring in 3 is significantly more pronounced than in 1 (see Figure 8). The overlaps

between SC orbitals across a methylene bridge in 3-TS, h 5j 6i D h 1j 7i, are slightly higher than

the corresponding overlap in 1-TS, h 1j 7i (see Tables 3 and 5 and Figure 8), but they are still far too

low to suggest noteworthy bonding interactions. The sequence of overlaps between adjacent SC orbitals

in 3-TS and the shapes of these orbitals (see Figure 7) suggest that the SC wavefunction describes the

combination of two largely independent fragments, an open-chain pentadienyl cation, with a � system

described by orbitals  1– 5, and an ethene-like moiety, with a � system described by orbitals  6 and

 7.

The pair of SC orbitals constrained to be orthogonal in the SC(6,7) calculation for 3 were  2 and

 4. The data in Table 5 shows that, similarly to the situation with the analogous constraint used for

1-TS, this restriction is very unlikely to have other than a negligible effect on the active space orbitals,

as only a small overlap between non-adjacent SC orbitals is set equal to zero; the magnitude of the

corresponding h 2j 4i overlap in 1 is rather low (0.101). Just as in 1 and 1-TS, and in 2 and 2-TS, none

of the overlaps between non-adjacent SC orbitals in 3 and 3-TS are large enough to suggest important

bonding interactions.

A closer look at the composition of the spin space from the SC(6,7) wavefunction for 3 (see Figure 9,

the Rumer diagrams included in this figure follow the conventions adopted in Figure 4) shows that it has Place

Figure 9

near here.

certain features in common with the analogous spin space for 1 (see Figure 4), but there are necessarily

also significant differences. Whereas the conjugated chain closed by the methylene bridge in 1 involves

seven carbon atoms, the conjugated chain between the two methylene bridges in 3 is shorter, including

only five carbon atoms. As a consequence, the two most important Kekulé-style Rumer spin functions

in 1 can have no equivalents in 3. Instead, the two most important Rumer spin functions in 3, which are

also Kekulé-style and couple to singlets the spins of three pairs of neighboring SC orbitals, create three

bonds which involve two singlet pairs across the methylene bridges and a third singlet pair associated

with an almost � bond. Just as in 1, the two Rumer spin functions which are next in importance in

3, .1 � 2; 3 � 4; 5 � 6/ and .1 � 7; 2 � 3; 4 � 5/, are also Kekulé-style and create a sequence of two

almost � bonds that are followed by a bond across a methylene bridge. The two Kekulé-style Rumer

spin functions with lowest weights in 3, .1� 2; 3� 4; 6� 7/ and .2� 3; 4� 5; 6� 7/, demonstrate that,

similarly to the situation observed in 1, a bond across a methylene bridge is less capable of sustaining

conjugation than is a carbon-carbon single bond; the bonding patterns associated with these Rumer spin

functions resemble combinations of butadiene-like and ethene-like conjugated fragments. Just as in 1, all

8



non-Kekulé-style Rumer spin functions in 3 with individual weights higher than 3% involve one “long

diagonal” bond; two of the Rumer spin functions with one “long diagonal” bond, .1 � 4; 2 � 3; 5 � 6/

and .1�7; 2�5; 3�4/; turned out to have marginally higher weights than the two least important of the

Kekulé-style Rumer spin functions. Taken together, the Rumer spin functions for 3 shown in Figure 9

account for a little under 85% of the spin space. This proportion is very close to the corresponding sum

of over 84% for the Rumer spin functions for 1 shown in Figure 4, and suggests significant resonance.

However, as the values of the overlap integrals between adjacent SC orbitals around the ring in 3 alternate

much more than in 1 (vide supra), the SC description of 3 suggests that it is aromatic, but not to the level

of 1.

Our suggestion that the SC(6,7) wavefunction for 3-TS appears to describe a combination of two

largely independent fragments, an open-chain pentadienyl cation and an ethene-like moiety, was made

after examining the overlaps between adjacent SC orbitals and the shapes of these orbitals (vide supra).

This viewpoint is reinforced by the spin-coupling pattern for this system, shown in Figure 9. All five

Rumer spin functions with weights over 3%, with a combined weight of ca. 89%, include a singlet pair

over the ethene-like fragment and different modes of spin coupling over the pentadienyl cation fragment;

of these, the most important one places the positive charge at position 3. Therefore, the analysis of the

SC(6,7) wavefunction for 3-TS identifies it as a non-aromatic system.

3 Conclusions

SC theory was used to obtain modern VB descriptions of the electronic structures of three cyclic sys-

tems which have been considered to involve homoconjugation and to exhibit homoaromaticity: the

homotropenylium ion, C8HC
9 , neutral cycloheptatriene, C7H8, and the 1,3-bishomotropenylium ion,

C9HC
11. For each of these systems we studied both the Cs local minimum geometry and a C2v TS ge-

ometry. The fully-variational SC wavefunctions for these systems, SC(6,7) for the homotropenylium

and 1,3-bishomotropenylium ions and SC(6) for neutral cycloheptatriene, were found to recover a

high proportion (between 94.4% and 97.9%) of the correlation energy included in the corresponding

CASSCF(6,7) and CASSCF(6,6) wavefunctions. This confirms that these SC wavefunctions for the

homotropenylium and 1,3-bishomotropenylium ions and for neutral cycloheptatriene can be viewed as

easier-to-interpret, more compact alternatives to CASSCF wavefunctions that employ analogous active

spaces.

The SC description of homoconjugation shows that the SC orbitals on both sides of an intervening

methylene bridge change their shapes from the usual atom-centered C(2p� ) orbitals with small protru-

sions towards neighboring orbitals, seen in many SC calculations on conjugated systems, to two-center

orbitals with C(2p� ) character spread unevenly between the carbon atoms on the two sides of the methy-

lene bridge and with some C(2s) character. These orbitals overlap across a methylene bridge, providing a

bonding interaction that has elements of both � and � bonds. This bonding interaction does not develop

if the distance between the carbon atoms on the two sides of the methylene bridge is sufficiently large, as

in the local minimum geometry of neutral cycloheptatriene and in all three of the TS geometries. In such

cases, the SC orbitals on both sides of a methylene bridge retain their atom-centred C(2p� ) shapes and

overlap very little. The SC results have also shown that the differences between “no-bond” and “bond”

homoconjugated systems are much smaller than previously thought; the shapes of the SC orbitals on

the two sides of a methylene bridge can evolve into typical sp3 hybrids, engaged in a � bond, upon a

9



sufficient decrease of the distance between the carbon atoms on either side of the bridge. On the other

hand, increasing the distance between these carbon atoms leads to these two orbitals becoming more

C(2p� )-like and interacting rather less with one another.

Analysis of the SC wavefunctions for the local minimum geometries of the homotropenylium and

1,3-bishomotropenylium ions shows that homoconjugation allows the establishment, in both species,

of a cyclic arrangement of overlapping SC orbitals and of a resonance pattern that are rather similar

to those for the tropylium cation.18 The shapes of the SC orbitals, the values of the overlap inte-

grals between adjacent SC orbitals and the compositions of the resonance patterns strongly suggest

that both of the homotropenylium and 1,3-bishomotropenylium ions are aromatic, with the ordering 1,3-

bishomotropenylium ion < homotropenylium ion < tropylium cation. The orbital interaction associated

with the SC description of homoconjugation is essential for the emergence of this type of aromaticity,

which can be rightly called homoaromaticity. For the cases in which we did not detect such homocon-

jugation, namely the local minimum geometry of neutral cycloheptatriene and all three TS geometries,

the SC results suggest instead that each of these is non-aromatic.
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R.; Mitrushenkov, A.; Rauhut, G. et al. MOLPRO, version 2012.1: Cardiff, U.K.

(30) Sironi, M.; Raimondi, M.; Cooper, D. L.; Gerratt, J. The Unusual Coordination of Carbon Atoms

in Bicyclic 1,6-methano[10]annulene: A Modern Valence Bond Study. J. Mol. Struct. Theochem

1995, 338, 257–265.

(31) Chirgwin, B. H.; Coulson, C. A. The Electronic Structure of Conjugated Systems. VI. Proc. Roy.

Soc. Lond. Ser. A 1950, 201, 196–209.

(32) Reindl, B.; Clark, T,; Schleyer, P. v. R. Modern Molecular Mechanics and Ab Initio Calculations

on Benzylic and Cyclic Delocalized Cations. J. Phys. Chem. A 1998, 102, 8953–8963.

(33) Gibson, C. M.; Havenith, R. W. A.; Fowler, P. W.; Jenneskens, L. W. Planar Homotropenylium

Cation: A Transition State with Reversed Aromaticity. J. Org. Chem. 2015, 80, 1395–1401.

(34) Fliegl, H.; Taubert, S.; Lehtonen, O.; Sundholm, D. The Gauge Including Magnetically Induced

Current Method. Phys. Chem. Chem. Phys. 2011, 13, 20500–20518.

(35) Schaftenaar, G.; Noordik, J. H. Molden: A Pre- and Post-Processing Program for Molecular and

Electronic Structures. J. Comput.-Aided Mol. Des. 2000, 14, 123–134.

12



Tables and Figures

Table 1: The four lowest vibrational frequencies of the Cs symmetry local minimum and C2v symmetry

TS geometries of the homotropenylium ion calculated at the MP2(Full)/cc-pVTZ and MP2(Full)/6-

31G(d) levels of theory (in cm�1, normal mode symmetries in brackets).

Geometry Method Q�1 Q�2 Q�3 Q�4

Cs local minimum MP2(Full)/6-31G(d) 217.4 (a00) 226.5 (a0) 309.8 (a0) 333.7 (a00)

MP2(Full)/cc-pVTZ 213.5 (a00) 225.2 (a0) 307.7 (a0) 326.2 (a00)

C2v TS MP2(Full)/6-31G(d) 166.3i (b1) 100.2 (a2) 233.7 (b1) 309.3 (a1)

MP2(Full)/cc-pVTZ 135.3i (b1) 112.6 (a2) 264.5 (b1) 303.2 (a1)

Table 2: Total HF, SC and CASSCF energies (in Eh) of 1, 1-TS, 2, 2-TS, 3 and 3-TS, percentages

of recovered CASSCF correlation energy (in brackets), and numbers of CSFs included in the SC and

CASSCF wavefunctions [cc-pVTZ basis, MP2(Full)/cc-pVTZ geometries].

Wavefunction CSFs System Total Energy System Total Energy

HF 1 1 �307:981 558 1-TS �307:958 867

SC(6,7) 35 �308:059 503 .94:9%/ �308:034 496 .95:4%/

CASSCF(6,7) 490 �308:063 717 �308:038 182

HF 1 2 �269:768 385 2-TS �269:765 951

SC(6) 5 �269:843 822 .96:6%/ �269:845 507 .97:9%/

CASSCF(6,6) 175 �269:846 462 �269:847 202

HF 1 3 �346:971 648 3-TS �347:038 182

SC(6,7) 35 �347:049 022 .94:4%/ �346:962 062 .97:1%/

CASSCF(6,7) 490 �347:053 597 �347:035 944
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Table 3: Overlap integrals h �j �i between the SC orbitals from the SC(6,7) wavefunctions for 1 (top

values) and for 1-TS (bottom values).

 1  2  3  4  5  6  7

 1 1:000
0:358

0:645

�0:184

�0:026

�0:191

�0:019

�0:222

0:042

�0:199

0:002

0:498

0:005

 2 1:000
0:469

0:301

�0:102

�0:008

�0:149

0:002

�0:195

�0:031

�0:199

0:002

 3 1:000
0:458

0:521

�0:066

0:000

�0:149

0:002

�0:222

0:042

 4 1:000
0:458

0:521

�0:102

�0:008

�0:191

�0:019

 5 1:000
0:469

0:301

�0:184

�0:026

 6 1:000
0:358

0:645

 7 1:000
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Table 4: Overlap integrals h �j �i between the SC orbitals from the SC(6) wavefunctions for 2 (top

values) and for 2-TS (bottom values).

 1  2  3  4  5  6

 1 1:000
0:647

0:653

0:069

0:086

�0:004

0:033

0:054

0:010

0:174

0:016

 2 1:000
0:298

0:311

0:058

0:071

�0:047

�0:043

0:054

0:010

 3 1:000
0:645

0:642

0:058

0:071

�0:004

0:033

 4 1:000
0:298

0:311

0:069

0:086

 5 1:000
0:647

0:653

 6 1:000
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Table 5: Overlap integrals h �j �i between the SC orbitals from the SC(6,7) wavefunctions for 3 (top

values) and for 3-TS (bottom values).

 1  2  3  4  5  6  7

 1 1:000
0:290

0:582

0:135

�0:181

�0:100

�0:160

�0:216

�0:066

�0:222

0:013

0:587

0:066

 2 1:000
0:506

0:378

0:000

�0:101

�0:100

�0:160

�0:143

�0:003

�0:191

0:002

 3 1:000
0:506

0:378

�0:135

�0:181

�0:185

�0:024

�0:185

�0:024

 4 1:000
0:290

0:582

�0:191

0:002

�0:143

�0:003

 5 1:000
0:587

0:066

�0:222

0:013

 6 1:000
0:176

0:662

 7 1:000
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Figure 1: Cs symmetry local minimum and C2v symmetry TS geometries of the homotropenylium ion

(1 and 1-TS), neutral cycloheptatriene (2 and 2-TS), and the 1,3-bishomotropenylium ion (3 and 3-TS),

optimized at the MP2(Full)/cc-pVTZ level of theory. Unique carbon-carbon bond lengths in Å, energies

(under structures) inEh. Numbers in brackets for 1 and 1-TS correspond to MP2(Full)/6-31G(d) results.
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1.382
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1.533
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1.567

1.383

1.414
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1.464
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–348.581204
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–348.584057

Figure 2: Cs (3-cis) and C2 (3-trans) symmetry local minimum geometries of the 1,3-bishomo-

tropenylium ion optimized at the MP2(Full)/cc-pVTZ level of theory. Unique carbon-carbon bond

lengths in Å, energies (under structures) in Eh.

Figure 3: Symmetry-unique SC orbitals from the SC(6,7) wavefunctions for 1 (top row) and for 1-TS

(bottom row), as isovalue surfaces at  � D ˙0:08. Orbital symbols in brackets, . 1/–. 3/, indicate

the positions of the symmetry-related partners of orbitals  5– 7. POV-Ray (Persistence of Vision Ray-

tracer) files for the isovalue surfaces were generated by MOLDEN.35 For further details, see the text.
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Figure 4: Rumer spin functions with individual Chirgwin-Coulson weights higher than 3% from the spin

spaces associated with the SC(6,7) wavefunctions for 1 and for 1-TS, in order of declining importance

in each case.
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Figure 5: Symmetry-unique SC orbitals from the SC(6) wavefunctions for 2 (top row) and for 2-TS

(bottom row), as isovalue surfaces at  � D ˙0:08. Orbital symbols in brackets, . 1/–. 3/, indicate

the positions of the symmetry-related partners of orbitals  4– 6. For further details, see the caption to

Figure 3 and also the text.
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Figure 6: Chirgwin-Coulson weights of the Rumer spin functions from the spin spaces associated with

the SC(6) wavefunctions for 2 (top values) and for 2-TS (bottom values), in order of declining impor-

tance.
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Figure 7: Symmetry-unique SC orbitals from the SC(6,7) wavefunctions for 3 (top row) and for 3-TS

(bottom row), as isovalue surfaces at  � D ˙0:08. Orbital symbols in brackets, . 1/, . 2/ and . 7/,

indicate the positions of the symmetry-related partners of orbitals  5,  4 and  6, respectively. For

further details, see the caption to Figure 3 and also the text.
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Figure 8: Overlap integrals between adjacent SC orbitals from the SC wavefunctions for 1, 2 and 3 (top

values), and for 1-TS, 2-TS and 3-TS (bottom values). Overlap integrals between SC orbitals on the two

sides of a methylene bridge are shown inside the rings.
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Figure 9: Rumer spin functions with individual Chirgwin-Coulson weights higher than 3% from the spin

spaces associated with the SC(6,7) wavefunctions for 3 and for 3-TS, in order of declining importance.
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