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Abstract

A new electronic theory of pericyclic chemistry and aromaticity, in line with the Robinson/Ingold electronic theory, is proposed. It is referred
to as the Cplex-isoelectronic theory. This represents the first successful theory that is not based on quantum mechanics. There are three
assumptions in this theory (1) ADEP, (2) SDEP and (3) SDSE. The ADEP assumption refers to isoelectron pairs moving in an antiperiplanar
mode in relation to the plane of the molecule. SDEP relates to isoelectron pairs moving in a synperiplanar mode and SDSE refers to single
isoelectrons moving in a synperiplanar mode. These assumptions are deduced from nucleophilic, radical addition, SN2 and SN2 reactions
and the anomeric effect. Application of the ADEP concept to pericyclic reactions is supported by Complexity theory and backed up by direct
empirical evidence from 1,3-dipolar cycloaddition reactions involving nitronates and by its ability to predict the experimental data. The heavy
atom effect provides experimental evidence for the SDSE mode in pericyclic reactions. The HOMO Diels—Alder is consistent with the SDEP
concept. Evidence for the assumptions in aromatic compounds is found in the observation of a diamagnetic ring current in the presence of an
applied field and in the applicability of the Biot—Savart law. The Cplex-isoelectronic theory makes different predictions from the present quantum
chemical methods in some cases, namely the existence of suprafacial concerted thermal [2 + 2], [4 + 4], [6 + 2] and [6 + 6] cycloadditions,
suprafacial concerted photochemical [4 + 2] and [6 4 4] cycloadditions, stepwise [2+ 2+ 2] cycloadditions of ethyne, diamagnetic ring currents
for some cyclic systems with 4nm electrons. The available empirical evidence is consistent with these predictions. This finding is consistent
with Santilli’s hadronic chemistry which proposes that the present quantum chemical theories require the addition of a small correction factor
for molecules with two or more electrons.
© 2006 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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quasi-particle state called the isoelectronium [1]. Hadronic

1. Introduction

In 1999 Santilli proposed a new theory for the structure of
H, based on hadronic mechanics, which assumes that the elec-
trons involved in the chemical bond overlap to create a singlet

Abbreviations: ADEP, antiperiplanar dynamics of isoelectron pairs;
AFS, acceptor at the final facial selectivity site; ASIED, acceptor site of
initial electron dynamics; DFS, donor at the final facial selectivity site;
DSIED, donor site of initial electron dynamics; FSED, final facial
selectivity of electron density; RCEDGD, rate of continuous electron
dynamics greater than delocalisation; SEADEEF, substituent electronic
assistance in the direction of the electron flow; SDSE, synperiplanar
dynamics of single isoelectrons; SDEP, synperiplanar dynamics
of isoelectron pairs.
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chemistry permits an exact representation of the binding energy
of Hp from axiomatic principles, without ad hoc modifications
of the theory, and increases the speed in computer calculations
by at least 1000-fold compared to a C.I. calculation [1,2].
Hadronic mechanics is not only potentially of immense theoret-
ical importance but it also predicts new clean energy sources at
the level of elementary particles, at the nuclear level and at the
molecular level [2]. There is empirical evidence for these pre-
dictions even though this area of research is still relatively new
[1,2]. Hadronic mechanics is proposed as a ‘covering’ theory of
quantum mechanics. It claims that quantum mechanics is exact
for the hydrogen atom but requires a correction, due to the deep
overlap of the wavepackets of the valence electrons at short dis-
tance, for molecules with two or more electrons [2]. The basic
axioms of quantum mechanics do not cover this interaction [2].
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For complex chemical systems, in calculating an exact rep-
resentation based on quantum methods, the computer time re-
quired reaches prohibitive amounts, even with supercomputers.
Thus the present quantum chemical methods are prone to mak-
ing inaccurate predictions for complex systems due to the use
of approximations, assumptions, diversity of factors involved,
intractable calculations, computational limitations and indeter-
minacy. This is augmented by chaos where small variations
in the input can result in dramatically different outputs. Com-
plex systems, where many factors are interacting, are espe-
cially prone to chaos. A slight increase in the activation energy
of one step of a multi-pathway reaction, for example, could
result in the emergence of a completely different product. If
the isoelectronium concept is valid it increases the probabil-
ity even further that the present quantum chemical methods
can make inaccurate predictions. These factors become even
more pronounced and inhibitive as the complexity of the system
increases.

It is in the areas of pericyclic reactions and aromaticity that
the quantum-based methods have seen their greatest growth
in chemistry since the 1950s. These methods include the
Woodward-Hoffmann [3], the FMO [4] and the modern ab
initio approaches [5], all of which have received the Nobel
prize in chemistry. Based on the above logic it is feasible that
these quantum-based approaches make imprecise predictions
for these complex chemical systems. This paper proposes a
new electronic theory of pericyclic chemistry and aromaticity
that makes different predictions from the present quantum
chemical methods. The experimental evidence, when available,
is consistent with these new predictions. Thus this new chem-
ical theory represents independent research that is consistent
with Santilli’s hadronic chemistry. This theory will be referred
to as the Cplex-isoelectronic theory (Cplex is an abbreviation
for Complex). The term ‘iso’ is used as hadronic chemistry
provides an origin, an attractive force and a quantitative rep-
resentation for the chemical bond and is a covering theory of
quantum mechanics [1,2].

The Cplex-isoelectronic theory of pericyclic chemistry and
aromaticity is in line with the old electronic theory of Robin-
son and Ingold [6]. The Robinson’s and Ingold’s electronic
theory of organic chemistry has a strong empirical basis and
successfully rationalises a vast degree of experimental data
and thus represents a firm foundation on which to develop
a new theory. The concept of electronegativity for example
provides insights into radical stabilities, electrophilic aromatic
substitutions, steric effects, conjugative stabilisation in unsat-
urated systems, rotational barriers, molecular and electronic
structure yet it does not build on any of the electronic prop-
erties of atoms that results from the Schrédinger equation and
is still a subject of current research [7]. Although Robinson’s
and Ingold’s theory is still used profusely by the experi-
mental organic chemist in trying to understand and predict
complex chemical reactions, it lost a lot of its strength as a
theory due to the fact that no one was able use it to success-
fully rationalise pericyclic reactions and aromaticity during the
1950s and 1960s when the Woodward—-Hoffmann and the FMO
approaches emerged. Concepts and principles used within this

old electronic theory can be understood, in principle, in terms
of hadronic or quantum mechanics. By definition the funda-
mentals of the old electronic theory do not conflict with the
fundamentals of hadronic chemistry or quantum mechanics.
They exist on different levels of the ‘reductional hierarchy’,
in the same way that Darwinism exists on the biological
level.

The Cplex-isoelectronic theory, like Darwinism and the
Robinson/Ingold theory, is qualitative, making logical and
scientific connections between known and unknown systems
(within the chemical level), an approach seen in the emerging
area of Complexity theory [8]. There is still a place for such
qualitative theories for complex systems considering the above
discussion in relation to the present quantum chemical meth-
ods. In fact Fukui stated that “chemistry inevitably depends on
analogy through experience due to the formidable complexity”
[4]. As this new theory is based on the chemical and not the
quantum level it is less prone to making inaccurate predictions
as there are less factors involved. Expansion into the hadronic
and quantum level is for the future, either in a qualitative or
quantitative form, when the theory is fully developed on the
chemical level.

In this paper the Cplex-isoelectronic theory will be applied
to some of the major areas of pericyclic chemistry and aro-
maticity to show its validity. Due to the limitation on length
within this journal it will be expanded upon in detail in sub-
sequent papers, including all areas of pericyclic chemistry
and ‘aromaticity’/’antiaromaticity’. These papers will also
show that this new chemical theory makes further predic-
tions that are different from the present quantum chemical
methods.

2. Results and discussion
2.1. Hypostasis and assumptions of the theory

Anti addition is favoured, under conditions of kinetic con-
trol, when nucleophiles undergo addition reactions with mul-
tiple bonds [9], Fig. 1. This could be rationalized by a steric
effect; the incoming nucleophile and subsequent electrophile
are at a maximum separation in this antiperiplanar geometry.
Howeyver, it is conceivable that an electronic factor is also in-
volved, namely that the isoelectron pairs (isoelectronium) move
more efficiently in an antiperiplanar manner, i.e. the isoelec-
tron pair of the multiple bond moves on the opposite side of the
plane of the molecule to the isoelectron pair of the incoming
nucleophile. This is a logical assumption, as this dynamic ef-
fect would minimize electron repulsion as the electron density
moves on opposite sides of the plane, thus lowering the overall
energy of the system. To distinguish from the steric factor the
term ADEP (antiperiplanar dynamics of isoelectron pairs) will
be used to refer to the electron dynamics specifically. A list of
acronyms is given at the end of this paper. The term ‘isoelectron
pair’ is used instead of ‘electron pair’ as hadronic chemistry
provides an origin, an attractive force and a quantitative rep-
resentation for the chemical bond and is a covering theory of
quantum mechanics as discussed above. The Robinson/Ingold
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Fig. 1. Trans addition of nucleophiles and cis addition of radicals to multiple
bonds. The syn addition of nucleophiles to norbornene.
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Fig. 2. Evidence for the ADEP assumption based on the SN2 reaction.

electronic theory uses the term ‘electron pair’ and without any
underlying structure.

Evidence that the antiperiplanar geometry could be related
to an electronic factor is seen in the so-called anomeric effect
[10]. As this effect is contrasteric, the antiperiplanar geometry
must be related to an electronic effect. Evidence that an elec-
tronic effect is involved when isoelectron pairs move is seen
in the SN2’ reaction. The leaving group departs from the same
face that the nucleophile adds on to. This is illustrated by 1
(Fig. 2). This contrasteric effect not only implies that an elec-
tronic factor is involved in dynamic processes that involve iso-
electron pairs but it also implies that it is greater than the steric
factor. Based on this assumption the increase in electron den-
sity occurs on the face of C-2 that points away from the in-
coming nucleophile (at C-1) due to the ADEP process. This
facial aspect of the electron density at C-2 results in the leav-
ing group (X) syn to the incoming nucleophile so that back-
side attack on the C3-X bond can occur. Backside attack is
confirmed in SN2 reactions. Syn addition and a one step path-
way has been confirmed experimentally in the SN2’ reaction

[11]. The term stereoelectronic control invokes a steric effect
and the molecular orbital concept [10]. Thus the term ADEP
will be used as it refers specifically to the dynamics of iso-
electrons only and does not invoke the orbital concept or steric
effects.

Radicals undergo syn (cis) addition under kinetic control
[12], Fig 1. This contrasteric result implies that an electronic
effect is operating. Radicals are well established in exhibiting
stereochemical and regiochemical behaviour, as opposed to be-
ing highly reactive and unselective entities as is often perceived.
Radical reactions involve single isoelectrons. Thus it could be
assumed that single isoelectrons move more efficiently in a
synperiplanar manner. The term SDSE (synperiplanar dynam-
ics of single isoelectrons) will be used. It refers specifically to
the dynamics of isoelectrons only and does not invoke the or-
bital concept or a steric effect. This theory is not “empirical”
or “phenomenological” [8a]. Mechanisms/rationales for the as-
sumptions can be provided for within the chemical level i.e.
using the fundamentals of chemistry, in line with the old elec-
tronic theory of Robinson, Ingold, Lapworth, Meerwein etc.
developed during the early 20th century and which has a strong
empirical basis [6].

In conjunction with the experimental data on which the as-
sumptions of this theory are deduced from, the ADEP process
is more efficient than the SDSE. The empirical data shows that
radical additions to multiple bonds are in general far less stere-
ospecific than nucleophilic additions [9,12].

Based on the experimental data syn nucleophilic addition is
favoured for strained cyclic systems such as norbornene and
cyclobutene [13], Fig. 1. This implies that an SDEP process
(synperiplanar dynamics of isoelectron pairs) is preferred over
the ADEP for strained systems.

The fact that nucleophilic addition to unstrained systems
give low yields of the syn addition product, in many cases 0%
[9], and there is evidence that syn addition products arise via
enol intermediates and via inversion of carbanion intermediates
with increased lifetimes, as syn addition arises more in non-
polar aprotic solvents as opposed to proton-donating solvents
[9], implies that the SDEP process has a high activation en-
ergy for unstrained systems. In fact there is no conclusive evi-
dence that an SDEP process has been observed for unstrained
systems i.e. that syn products arise directly as opposed to in-
version or rotation of an intermediate formed from the ADEP
process.

Considering that, in general, kinetic syn addition is con-
firmed in radical addition reactions and in high yields and the
yield of the syn addition product is much less in unstrained
systems, with no conclusive evidence for a direct syn addi-
tion product (kinetic syn product) implies that the SDSE mech-
anism is favoured over the SDEP mechanism for unstrained
systems.

Application of the ADEP/SDSE/SDEP concept to pericyclic
reactions, as well as aromaticity, is supported by Complexity
theory (regularities/connections occur within and between sys-
tems) [8] and is backed up by direct empirical evidence (see
Sections 2.3, 2.5 and 2.7) as well as its ability to predict the
experimental data.
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Fig. 3. The ADEP syn FSED electronic mechanism of the Diels—Alder
concerted cycloaddition.

2.2. The ADEP syn FSED electronic mechanism of the
concerted cycloaddition

Applying the ADEP concept to the concerted Diels—Alder
[4 4 2] reaction results in the electronic mechanism illustrated
in Fig. 3 (view the dienophile, C2 = Cl, as lying below the
plane of the diene). The double bonds of butadiene are assumed
to be localized (see subsequent paper). Based on the logic of
the assumption the olefin ‘initiates’ the cycloaddition by acting
as a nucleophile or isoelectron source. This will be referred
to as the 1’ process and the nucleophilic center, C-1, as the
DSIED (donor site of initial electron dynamics). The diene acts
as the electrophile in the 1’ process and the center, C-3, will
be referred to as the ASIED (acceptor site of initial electron
dynamics). The 1’ process results in an increase in electron
density on the face of C-4 that points away from the dienophile
(olefin) due to the antiperiplanar dynamics of the isoelectron
pairs (ADEP). This increase in electron density at C-4 acts
as a nucleophilic center and attacks the C5—-C6 double bond.
This ADEP process results in an increase in electron density
on the face of C-6 that points towards the dienophile. Thus
the decrease in electron density at C-2 of the dienophile, due
to the 1’ process, can be neutralized rapidly by the increase
in electron density at C-6 because the electron density at C-
6 is pointing directly towards the top face of C-2. This facial
aspect of the electron flow at the C-6 and C-2 terminus will
be referred to as the FSED (final facial selectivity of electron
density). In this case the increase in electron density at C-6 and
the decrease in electron density at C-2 occur on the faces of
the atoms that point towards each other. This will be referred
to as ‘syn FSED’. It is this syn FSED concept that expounds
why the reaction is concerted. It prevents charge accumulation.
Charged species are in general far less stable than the neutral
species. Thus developing charge increases the activation energy
and minimizing the degree of charge results in pathways of
relatively low activation energy. A concerted reaction, based
on this new electronic theory, is proposed to involve an ADEP
process with syn FSED. To illustrate electron density moving
on the bottom face of the molecule a dashed curved arrow is
used arbitrarily and a plain curved arrow for dynamics on the
top face. In the 1’ process electron density moves above the
plane of the dienophile, as drawn, and thus a plain curved arrow
is invoked. In the 3’ process electron density moves below the

plane of the diene and thus a dashed curved arrow is used. The
plane of the electron source is arbitrarily considered as opposed
to the electron sink. As in the Robinson electron theory the
curved arrows imply the movement of electrons only and not
the nuclei. C-6 of the diene will be referred to as the DFS (donor
at the final facial selectivity site) and C-2 of the dienophile as
the AFS (acceptor at the final facial selectivity site).

Within the logic of this theory the movement of electron den-
sity is also a gradual process, which prevents charge accumu-
lation, i.e. no site develops a full negative or position charge
at any stage in the reaction. The 2’ process has begun before
the 1’ process is complete and the 3’ process has begun before
the 2’ process is complete. As no charge accumulates, solvent
polarity has little effect on the rate of cycloaddition as is found
experimentally. In conjunction with the experimental data on
which the assumptions of this theory are deduced from, the
ADEP mechanism for thermal pericyclic reactions is predicted
to be favoured over the SDSE and SDEP as discussed above
(Section 2.1).

Based on this electronic mechanism the majority of the acti-
vation energy in relation to the contribution from the electronic
mechanism (there is also a thermodynamic contribution to the
transition state from the exothermic reaction) is predicted to be
involved in the 1’ process. This is because, once the isoelectrons
begin to move the process begins to drive itself, as electron
density moves towards a region of low electron density (AFS).
Within the ADEP syn FSED theory the transition state is asyn-
chronous by definition (see Section 2.3 on KIE’s and Section
2.4 for empirical evidence). This prediction is different from
the predictions of the present quantum chemical methods. Bond
making at the DSIED-ASIED terminus is always in advance of
bond making at the DFS—-AFS terminus (syn FSED cannot be
achieved otherwise), including the parent Diels—Alder.

Based on the ADEP assumption the dienophile must behave
as the DSIED for a concerted reaction to occur. In a reaction
pathway in which the diene behaves as the DSIED (C-3), the
FSED at C-2 and C-6 is not syn. The increase in electron density
at C-2 of the dienophile occurs on the face pointing away from
the diene and thus is unable to neutralize the decrease in electron
density on the diene and thus charge begins to build up. This
‘trans FSED’ cannot result in a concerted process and such an
interaction is predicted to involve a stepwise pathway.

The behaviour of the dienophile as an electron donor in the
1’ process and subsequently as an electron acceptor in the 3’
process, in the proposed concerted mechanism, and the order
in which they occur is similar to an electrophilic addition to
a multiple bond, but without full charges or an intermediate
developing. As the 1’ process is predicted to be the slowest
part in the overall electronic mechanism it is essentially an
A-SE2 type mechanism [14]. Consistent with this new elec-
tronic mechanism of pericyclic reactions the A-SE2 mechanism
involving multiple bonds (no bridging intermediate possible as
H involved) is highly stereospecific and syn, syn is increasingly
favoured at low temperatures and by weakly donating solvents
as well as by increasing the concentration of HX [15]. Thus
not only is a facial aspect to the decrease in electron density
at the AFS possible but it is syn to the DSIED based on the
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experiment data of electrophilic addition reactions. Thus there
is precedence for all parts of the proposed electronic mecha-
nism.

The ADEP theory focuses on avoiding the accumulation of
charge, both negative and positive, especially via the syn FSED
mechanism, and the SDSE theory focuses on avoiding the accu-
mulation of single isoelectrons (radical character) whereas the
Woodward—Hoffmann and FMO theories [3,4] focus on avoid-
ing bonding electrons in the reactants moving into antibond-
ing orbitals in the product. The linear combination of atomic
orbitals approach (LCAO) for polyene systems results in the
molecular orbitals having the symmetry of p-orbitals. P-orbitals
have a 4+ and — phase, above and below the plane. For con-
certed reactions, orbitals with the same phase must overlap, as
this allows a bonding situation to arise. The + and — sym-
bols do not refer to charge, but to the amplitude of the wave.
It is this aspect, coupled to coincidence that explains why the
Woodward Hoffmann and the FMO approaches make similar
predictions to the ADEP/SDEP/SDSE theory in some cases.
The symmetry above and below the plane is analogous to the
facial aspect of the electron density at the DFS-AFS terminus
in the ADEP theory. This is purely a scientifically unconnected
analogy; orbital symmetry/MO and the ADEP and syn FSED
concepts are completely different. The orbital symmetry at both
of the bonding termini must be considered in the MO approach.
In the ADEP theory the emergence of a concerted reaction is
essentially determined by the facial aspect of electron density
at only one terminus, the DFS-AFS terminus.

None of the modern MO quantum chemical techniques, as
well as VB and DFT methods, invokes the ADEP concept and
the syn FSED concept in pericyclic reactions and aromatic com-
pounds [5]. There is no direct connection stated, by quantum
chemists, between the ab initio MO theory of the SN2’ reaction
[11c] and pericyclic reactions and aromaticity. Furthermore, in
MO theory the trans bending that occurs when a nucleophile
attacks a multiple bond is due to an interaction between the ocy
and the 7* LUMO and is not due to the dynamics of the electron
pairs [9c]. Thus this new theory is different from the present
quantum chemical methods.

2.3. Evidence for the ADEP syn FSED theory

1,3-Dipoles have also been shown to be subject to trans ad-
dition with nucleophiles [16] and thus the ADEP concept ap-
plies. Experimental evidence for the involvement of the ADEP
process in concerted reactions comes from the [3 + 2] cycload-
ditions of nitronate 2 with acrylonitrile 3 under conditions of
kinetic control (Fig. 4) [17]. Based on the logic of this the-
ory the dipolarophile behaves as the DSIED for syn FSED to
occur. The carbon directly bonded to the cyano group in 3 is
assumed to behave as the DSIED because it is the more nu-
cleophilic end of the dipolarophile. Thus the negative end of
the dipole, oxygen, behaves as the ASIED [see Section 2.4,
paragraph 2, in relation to this aspect]. Nucleophilic attack at
the ASIED (1’ process) results in inversion of the negative
charge on the oxygen, via electron repulsion from the DSIED,
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i’J\ o~ . NC ‘/ N/O
'y . )
/O_N + wﬂ /)\ :\\ -:
\> o7 3 CN
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Fig. 4. Empirical evidence for the ADEP syn FSED electronic mechanism.

followed by a transfer of the isoelectron pair onto the cen-
tral nitrogen of the 1,3-dipole (2’ process). This is an Sn2-
type process with the isoelectron pair as the ‘leaving group’
(nucleofuge) (2’ process; the same type of arrow is used in the
SN2 reaction to signify bond breaking), departing on the oppo-
site side of the 1,3-dipole to the electron density coming from
the DSIED. This transfer results in a ‘nucleophilic attack’ of the
isoelectron pair on the C=N double bond and hence the elec-
tron density increases on the face of the C of the 1,3-dipole 2
that points towards the dipolarophile 3, via the ADEP process.
Thus syn FSED is achieved and the reaction is concerted. To
achieve syn FSED the isoelectron pair on the oxygen (ASIED)
in the 2’ process must move on the face of the dipole that is
opposite to the incoming dipolarophile. Thus the lone pair on
the central nitrogen will be trans to the incoming dipolarophile.
This is found experimentally in the product [17]. The nitro-
gen lone pair in the isoxazolidine 4 is on the side opposite to
the incoming dipolarophile 3. The reaction is found by exper-
iment to be under kinetic control, the invertomers are stable
under the reaction conditions (barrier to inversion in the range
29-30kcal/mol) and the phenomena independent of the stere-
ochemistry of the dipole. Furthermore, the cyano group lies
in the endo position in the transition state and is as predicted
trans to the lone pair in the product. Dipole 2 has been shown
to be stereospecific with cis dideuterated methyl acrylate and
dimethyl malonate, consistent with a concerted process [17].
Thus there is direct experimental evidence for the ADEP syn
FSED electronic mechanism in concerted reactions. Thus not
only has a connection between the assumptions and pericyclic
reactions been noted, in line with complexity theory [8], but
there is direct experimental evidence.

The ADEP transition state for the Diels—Alder has Sn2-like
character (note assumption of theory) and thus the secondary
kinetic isotope effects (SKIEs) are predicted to be similar to
those observed for Sn2 reactions (of the order 0.95 to 1.06 per
o deuterium) [18]. This is consistent with the observation that
the Diels—Alder cycloadditions exhibit inverse SKIEs (< 1.0)
that are close to unity [19]. The fact that the SKIE is different
at the ASIED and the DFS is consistent with the ADEP asyn-
chronous transition state. There is no conclusive experimental
evidence for the origin of SKIE’s in general. As the reaction
moves from the Sn1 to the SN2 end of the spectrum the SKIE
becomes more inverse [18]. It could thus be assumed that a
more inverse SKIE relates to a greater build up of electron
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density (this could be equated to a greater degree of pyrami-
dalization). If this assumption is valid it implies that there is
a greater build up of electron density at the DFS than at the
ASIED in the transition state. This is consistent with the 1’ pro-
cess as the major factor in the transition state, the flow of elec-
tron density is towards the DFS as a result of the 1’ process.
In the 1’ and 2 processes combined, the electron density at the
ASIED remains essentially constant. The DFS-AFS interaction
is less advanced in the transition state. Consistent with this the-
ory is the empirical observation that as the nucleophilicity of
the DSIED increases (electron withdrawing ability of the sub-
stituent attached to C-1 increases) the inverse SKIE at the DFS
increases whereas the value at the ASIED remains essentially
constant [19a]. The importance of the 1" process and the direc-
tion of electron flow also explains why the SKIEs are greater
for the diene than the dienophile. Furthermore, the fact that the
SKIEs are close to unity is consistent with the fact that charge
does not accumulate.

2.4. Regioselectivity

The proposed electronic mechanism for the Diels—Alder reac-
tion (Section 2.2) predicts that the introduction of a substituent
on the diene that can aid the movement of the isoelectrons
across the diene will increase the efficiency of the pericyclic
process. This logic allows the regioselectivity and rate increase
with electron rich dienes to be predicted. In conjunction with
this the preference for the "ortho’ product 7 over the ‘meta’ 8 in
the Diels—Alder cycloaddition (a so-called ‘normal’ DA) [20] is
related to electronic assistance from the 1-substituent in the di-
ene 5, similar to the concept of anchimeric assistance (Fig. 5).
The donating ability of the diene substituent helps the DSIED
to assist the isoelectrons, at the ASIED, in the direction of the
DFS. Experimental evidence for the existence of anchimeric as-
sistance is well established [14]. The term SEADEF (substituent
electronic assistance in the direction of the electron flow) will
be used. This prediction is consistent with the observation that
as the electron donating ability of the substituent increases the
rate of reaction also increases. Preference for the ‘para’ product
10 in the case of 2-substituted butadienes 9 is in accordance
with assistance to the direction of electron flow from the sub-
stituent (Fig. 5). In the formation of the ‘meta’ product (1,3-
disubstituted) the electron donating effect of the substituent is
antagonistic to the direction of electron flow. Thus the greater
reactivity of 1-substituted dienes 5 over 2-substituted species 9
reflects the fact that the SEADEF effect in the transition state
is over two double bonds for the former but only over one dou-
ble bond for the latter. The substituent assists four isoelectrons
towards the AFS when in the 1-position but only two isoelec-
trons when in the 2-position. Furthermore, and probably the
major factor, the substituent in the 1-position is closer to the
terminus at which the 1’ process occurs and thus it has a much
greater effect on lowering the activation energy. The SEADEF
effect is predicted to be a transition state effect, as is the simi-
lar neighbouring group mechanism with examples of the prin-
ciple of increasing demand [14], and not a ground state effect.
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Fig. 5. Origin of the Diels—Alder regioselectivity.

Thus the experimental observation of enhanced reactivity be-
tween dienes with electron donating groups and dienophiles
with electron withdrawing substituents is predicted by the pro-
posed electronic mechanism. As the electron donating ability
of the donor in the 2-position increases, the rate of reaction
increases, consistent with a greater degree of SEADEF. The
lower reactivity of symmetrically donor-substituted dienes such
as 11 (Fig. 5) compared to the unsymmetrical analogues 9 can
thus be easily rationalized, as the second donor group in 11 is
antagonistic to the direction of electron flow. Evidence for this
direction of electron flow is seen in the SKIE data, as discussed
in Section 2.3, and in the kinetic data (see later in this section).

The fact that electron rich dienes act as the ASIED in the 1/
process is not counter-intuitive [21]. The same applies to 1,3-
dipolar cycloaddition reactions where the negative end of the
1,3-dipole behaves as the ASIED, as in the [3 + 2] cycloaddi-
tion of nitronate 2 with acrylonitrile 3 (Fig. 4). It has been con-
clusively shown that a nitrogen anion attacks a carboxyl anion
(a delocalised anion) under mild conditions [21a—c]. This is not
an isolated example as the 2,4,6-trinitrobenzyl anion attacks
the nitro group (a delocalised negative charge) of fluorotrini-
tromethane, also under mild conditions [21d]. It has been pro-
posed that a sulphur anion attacks a nitro group in the reduction
of aromatic nitro compounds by sodium trimethylsilanethiolate
[21e]. Furthermore, it has been conclusively shown by experi-
ment that fluoride, oxyanions (anion—dianion reaction), amines
and other nucleophiles attack the Pog_ group [21f]. This mode
is also favoured by the fact that charge does not build up as
a consequence of the 1’ process, the 2 process is involved.
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Furthermore, as electron donation from the DSIED increases
the degree of electronic repulsion in the 1’ process decreases
due to the increasing pull from the AFS. For these exothermic
reactions the thermodynamic contribution to the transition state
will also counteract this electronic repulsion. Furthermore, with
electron rich dienes the substituent provides SEADEF to the 1
process. This is a crucial factor based on the proposed electronic
mechanism. Evidence for this direction of electron flow is seen
in the SKIE data, as discussed in Section 2.3, and in the Kinetic
data (next paragraph).

Experimental evidence that the 1’ process is the major factor
involved in the activation energy from an electronic vista, and
the direction of electron flow predicted in the 1’ process, is seen
in the observation that 1,1-dicyanoethylene reacts 43,269 times
faster than acrylonitrile in the Diels—Alder reaction whereas
1,2-dicyanoethylene reacts only 78 times faster than acryloni-
trile [22]. The cyano groups in the 1,1-position increase the
nucleophilicity of the DSIED whereas in the 1,2-system the
electron withdrawing effect of the substituents are antagonis-
tic. The CN in the 2-position (1,2-system; dienophile) increases
the electron affinity of the AFS as it is directly bonded and this
favours the flow of electron density from the DFS to the AFS
as well as from the ASIED to the DFS. Thus the CN substituent
has a far greater effect on the DSIED-ASIED interaction than
on the AFS-DFS interaction. This proves that the 1’ process
is the major factor in the electronic mechanism as well as the
direction of electron flow, as does the SKIE data (Section 2.3).

2.5. The SDSE syn FSED concerted process

Within this theory the concerted [4 + 2] cycloaddition, as
well as the [3 + 2], can also occur by an SDSE process as the
FSED is syn. This is illustrated in Fig. 6. Half-headed curved
arrows are used to denote the movement of single isoelectrons.
It is also feasible to have the arrow in the 1’ process going
in the opposite direction (i.e. from diene to dienophile; see
subsequent paper). In both cases the FSED is syn. As discussed
in Section 2.1 the ADEP mechanism is predicted to be favoured
over the SDSE process under thermal conditions based on the
experimental data on which the assumptions are deduced from.
Hence the thermal Diels—Alder reaction involves the ADEP
process illustrated in Fig. 3 and not the SDSE process, Fig. 6.

Evidence for the claim of the existence of a ‘radical-type’
concerted phenomena (SDSE) is seen in the stereospecific ad-
dition of singlet diradicals, such as 12 (Fig. 7), to unsaturated
systems [23]. All SDSE processes are concerted, as the FSED
is always syn. As predicted both [2 4 2] and [4 + 2] cycload-
ditions were observed with cyclopentadiene and the diradical
12 [24]. The SDSE process could in theory be synchronous or
asynchronous unlike the ADEP process, which is by definition
asynchronous. The diradical must be a singlet (opposite spins)
as the theory assumes that a chemical bond involves isoelec-
trons with opposite spins.

Based on the experimental data of the assumptions, the SDSE
syn FSED is predicted to be generally disfavoured under ther-
mal conditions. However, as the 1’ process is the major factor in
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Fig. 6. The SDSE syn FSED electronic mechanism for the concerted [4 + 2]
cycloaddition.
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Fig. 7. Singlet diradical 12, 7-Oxabicyclo[2.2.1]hept-2-ene 13 and electronic
mechanisms 14,15.

the transition state from an electronic vista, as discussed above,
the SDSE mechanism should become more favoured if the di-
radical character generated in the 1’ process can be maintained
syn (same face of the atoms) coplanar (same plane).

In the diradical 12 [23,24], the single isoelectrons are delo-
calised by the same group and thus can be maintained coplanar.
Hence the addition reactions of 12 are stereospecific. Based
on this logic the weaker the bond the lower the reaction tem-
perature required and therefore the ability to maintain the sin-
gle isoelectron character syn coplanar increases. A geometry,
which prevents rotation of the single isoelectron centre, should
also favour an SDSE process under thermal conditions. An
intramolecular reaction as opposed to an intermolecular also
favours the SDSE mechanism, as there is less time for a large
degree of radical character to build up, for rotation and inver-
sion to occur. Geometrical constraints, delocalisation by the
same group, a weak bond and an intramolecular reaction are
thus predicted to favour the SDSE syn FSED electronic mech-
anism as they help maintain the single isoelectron character in
the 1’ process syn coplanar. These factors become important
when the ADEP mechanism cannot achieve syn FSED and thus
the SDSE mechanism can emerge. Only if a molecule has a
high degree of single isoelectron character (a full diradical such
as 12 for example) is a bias towards the SDSE mechanism over
the ADEP predicted.

Experimental evidence for an SDSE process in peri-
cyclic reactions comes from the observation of a substantial
heavy atom effect (HAE) in the [4 + 2] cycloreversion of 7-
oxabicyclo[2.2.1]hept-2-ene 13 (Fig. 7) [25]. KIE data, the en-
tropy of activation, activation volume and the stereospecificity
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implies that the reaction is concerted with an early transition
state as opposed to a biradical or a biradicaloid intermedi-
ate [25,26]. The HAE, which is well established by experi-
ment, implies that singlet radical character is involved. In this
case the ADEP process is not the most efficient process as
a norbornane-type skeleton is present, the SDEP process is
favoured (based on the assumption of theory). However, the
SDEP process, illustrated in 14, Fig. 7, cannot occur in a
concerted fashion. In this case dashed arrows are used arbi-
trarily when the isoelectrons move on the same side of the
longest bridge (endo), plain arrows when they move anti to the
bridge (exo) and plain arrows when coplanar with the bridge.
Attack of the C3—C4 bond on the C2—-C1 double bond in the 1/
process results in an increase in electron density on the endo
face of C-1 due to the SDEP process. Thus backside attack on
the C6—CS5 single bond cannot occur and hence the SDEP pro-
cess cannot give rise to a concerted pathway. Frontside attack is
not favoured in Sn2 reactions. However, the SDSE process can
occur in a concerted process as illustrated in 15. Singlet diradi-
cal character at C-6 and C-3, generated in the 1’ process, is po-
tentially syn coplanar due to interaction with the same C2-C1
double bond and the same oxygen lone pair (a captodative-type
interaction [14]). Furthermore, the formation of the aromatic
furan ring should lower the energy required to break the single
bonds, the bonds are thus relatively weak. The reaction is also
intramolecular. All of these factors favour an SDSE mechanism
as discussed above. The heavy atom converts the singlet en-
tity, as it traverses the concerted pathway, into a triplet which
is the source of the emergence of the nonstereospecificity via
a stepwise pathway.

Syn coplanar single isoelectron diradical character can in
theory be generated from multiple bonds if the isoelectrons se-
lectively absorb energy so that the molecule stays ‘cold’ from a
vibrational and rotational vista. Photochemical conditions can
achieve such an objective (known as the Franck—-Condon Prin-
ciple) as the isoelectrons selectively absorb the radiation. Thus
under photochemical conditions the SDSE syn FSED electronic
mechanism is predicted to be favoured and more efficient than
under thermal conditions. Photochemical conditions are well
know to generate radical character and research in the area of
molecular reaction dynamics reveals similar transition states,
from product angular distributions, for the reaction between
a hydrogen atom (radical) and Cl, (atom—molecule reaction)
and the photo dissociation of Cl, (a photon—molecule reaction:
hv+-Cl) [27]. This theory does not make any predictions about
the electronic structure of the excited state of any molecule. The
theory is only relevant when singlet coplanar diradical charac-
ter is generated. The excited state must be a singlet (opposite
spins) as the theory assumes that a chemical bond involves an
isoelectron pair with opposite spins. A triplet (same spins) ex-
cited state is predicted to result in a stepwise pathway, consis-
tent with the experimental findings.

The photochemical [2+2] cycloaddition has been found to be
stereospecific when singlet excited states are involved [28], con-
sistent with a concerted SDSE syn FSED process. The [4 + 4]
photochemical cycloaddition has been reported and also found
to be stereospecific [29]. It is with the photochemical [4 + 2]

cycloaddition that the SDSE predictions (predicts all reac-
tions are concerted from an electronic vista) differ from the
present quantum chemical methods [3-5], the latter predicts
a disallowed process. A stereospecific photochemical [4 + 2]
cycloaddition has been reported for 9-cyanoanthracene and
diastereoisomers trans, trans-2,4-hexadiene and cis,cis-2,4-
hexadiene with empirical evidence for the involvement of a
singlet excited state, consistent with a concerted pathway [30].
The reaction was also stereospecific for cis- and trans-1,3-
pentadiene with 9-anthraldehyde as the diene. Other examples
of stereospecific photochemical [4 4 2] cycloadditions, involv-
ing the singlet excited state, have been reported as well as an
efficient [4 + 2] photocycloreversion with a similar efficiency
to the analogous [4 + 4] cycloreversion [31].

Empirical evidence that the photochemical [4 + 2] cycload-
dition is concerted arises with the observation of an ‘excited’
cyclopentadiene intermediate in the femtosecond study of
norbornene [32]. This observation, which is consistent with a
concerted photochemical retro Diels—Alder pathway, has been
interpreted by the latest quantum chemical method in terms of
a stepwise pathway involving a conical intersection structure,
a stepwise pathway being consistent with the Woodward and
Hoffmann rules [32b].

The observation of all three types of cycloaddition reactions
with anthracene [30], namely [2 + 2], [4 + 2] and [4 + 4], is
consistent with the prediction that all SDSE processes are con-
certed. Photolysis of anthracene and 9-cyanoanthracene with
1, 3, 5-cycloheptatriene gave all four possible cycloadducts,
[2+2], [4 +2], [4 + 4] and [6 + 4] [29]. In contrast the
[6 + 4] cycloaddition is predicted to be stepwise by quan-
tum chemical theory, including the modern methods. However,
there is no empirical evidence available to support a concerted
or stepwise pathway for photochemical [6 4 4] cycloadditions.
Furthermore, the type of excited state involved has not been
reported. The involvement of exciplexes and the orientation of
reactants in exciplexes is also crucial information in elucidating
photochemical reaction mechanisms.

The [2 4 2] cycloaddition cannot be concerted based on
the ADEP theory as syn FSED cannot be achieved. This is
illustrated in Fig. 8. This proclivity for the thermal [2 + 2]
cycloaddition has been confirmed experimentally for many sub-
strates [33]. In relation to the SDSE mechanism the diradical
character is generated from strong bonds, the diradical char-
acter is not delocalised by the same group, they are free to
rotate as the substrates are acyclic and the reactions are in-
termolecular. Thus the SDSE mechanism is not favourable for
these substrates under thermal conditions. A stepwise pathway
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Fig. 8. Origin of the stepwise thermal [2 + 2] cycloaddition.
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observed by experiment is consistent with the assumption that
the SDSE process is in general inefficient. Furthermore, in the
stepwise pathways the zwitterionic intermediates are strongly
stabilised and thus have relatively low activation energies. Con-
certed [2 + 2] cycloadditions are predicted if the factors that
favour the SDSE mechanism are present. There is experimen-
tal evidence to back up this prediction. Stereospecific [2 + 2]
cycloadditions have been observed between cyclopentyne and
substituted alkenes (cis-1-methoxy-1-propene, cis- and trans-
2-butenes) under thermal conditions suggesting a concerted
process [34]. For both cyclopentyne and benzyne the single
isoelectron centres are syn coplanar based on geometrical con-
straints and the bonds are very weak (IR data), thus the SDSE
process is feasible although the reactions are intermolecular.
The existence of the concerted SDSE process explains why
norbornadiene and benzyne exhibits both a [4 + 2] and [2 + 2]
cycloaddition [35]. Solvent polarity does not have a dramatic ef-
fect on the ratio between the two cycloadditions, which suggests
that the [24-2] cycloaddition is concerted. Benzyne is also found
to exhibit highly stereoselective [2 4 2] cycloadditions [36].
An SDSE concerted process is also possible, due to restricted
rotation of the single isoelectron centres and weak bonds due
to strain, in the intramolecular retro [2 4 2] of quadricyclane.
Although the reaction is forbidden based on the Woodward-
Hoffmann theory [3], it does occur on heating [37]. The reaction
also occurs photochemically [14] consistent with the possibility
that an SDSE mechanism can exist for this system. Stepwise
pathways are expected to compete as the radical character of the
substrate increases. The present quantum chemical methods do
not predict the existence of a suprafacial concerted pericyclic
pathway for the [2 4 2] cycloaddition [3-5,34].

Although norbornyne and cyclopentyne are strained sub-
strates, the SDEP mechanism cannot occur for the [2 + 2] cy-
cloaddition due to more than just electronic repulsion of the
two isoelectron pairs moving in a confined space. Based on the
logic of this theory it is also due to the fact that the paths of
the isoelectron pairs cross, they have to occupy the same space
at the same time, as the isoelectron pair of the double bond
has to move in the direction of the incoming isoelectron pair
of the other double bond. The SDSE mechanism is applicable
to strained substrates based on the assumptions (Section 2.1).

The [6 4 4] cycloaddition can occur by a concerted ADEP
process with the triene as the DSIED as illustrated by 16 in
Fig. 9. The cycloaddition have been reported experimentally
and with evidence for a concerted pathway [38]. The [8 + 2]
reaction is predicted to be concerted with the two isoelectron
component as the DSIED, 17, Fig. 9. The reaction is known
and with no solvent effect consistent with a concerted pathway
[3]. Syn FSED cannot be achieved for the [4 + 4] cycloaddition
based on the ADEP theory as illustrated in 18. This explains
the observation of a [4 + 2] cycloaddition as opposed to a
[4 + 4] interaction in the Diels—Alder environment. The [6 +
6] cycloaddition does not create syn FSED either; 19, Fig. 9.
The [6 + 2] cycloaddition cannot occur in a concerted ADEP
manner no matter which unit is the DSIED; 20, Fig. 9. In
the case of the [4 + 4], [6 + 2] and [6 + 6] cycloadditions
the SDSE syn FSED is favoured based on delocalisation of
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and [6 + 2] cycloaddition reactions.

the diradical by the same double bond or polyene function and
the substrates are often cyclic but disfavoured as the bonds
are strong and the reactions intermolecular. Which factors win
out is not obvious and is best decided at present by compar-
ing to known SDSE systems, in line with complexity and the
above statement by Fukui (Introduction) [4]. Whether concerted
(SDSE) or not such reactions would have to compete with the
Diels—Alder reaction, and in the case of the [6 + 6] cycloaddi-
tion it would also have to compete with the [6 + 4] cycloaddi-
tion, both of which involve the more efficient ADEP process.
Furthermore, higher order pericyclic reactions are predicted to
be less favoured than the [4 + 2] and [2 + 2] cycloadditions
as it takes longer to neutralize the AFS. In fact the fulvene
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Fig. 10. Intermediate 21 that gives rise to the [6 + 6] cycloadduct 22;
Intermediates 23 and 24 that gives rise to [4 4+ 4] cycloadducts.

substrates mentioned in the Woodward and Hoffmann paper [3]
in relation to their prediction for the [6 4-2] cycloaddition gave
the [4 + 2] and [8 + 2] cycloadducts instead. The higher order
SDSE mechanisms would also be disfavoured over the SDSE
mechanisms for the [4+2] and [24-2] cycloadditions. The most
stable diradical structure of the polyene would also be expected
to be a deciding factor on which reaction would emerge.
Consistent with this prediction from the ADEP/SDSE syn
FSED theory that the so-called “forbidden” reactions, based
on the present quantum chemical methods [3-5], can occur in
a concerted pathway for some substrates via the SDSE syn
FSED electronic mechanism and should be observed when the
“allowed” pathways are not available, numerous examples of
the [6 + 6] and [4 + 4] cycloadditions have been reported [39]
and many of these substrates contain the factors that favour an
efficient SDSE process. The presumed intermediate 21, Fig. 10,
gave the adduct 22 [39a] consistent with a [6+ 6] cycloaddition
and it’s found to be a general reaction. In this case a [4 + 2]
ADEP cycloaddition cannot occur as there is no cisoid diene
unit. A concerted [6 + 4] ADEP cycloaddition cannot occur,
as it is not geometrically possible, the bonding termini are too
remote in the transition state. The [8 4+ 2] cycloaddition cannot
exist, as the tetraene unit is not connected to allow the ADEP
process to occur. Hence the SDSE syn FSED mechanism could
emerge for the thermal [6 + 6] cycloaddition, which is not
impeded by geometry or how the triene unit is connected and is
favoured by the fact that the product is aromatic. The diradical
character is stabilized by the same unit, the bonds are weak due
to the aromatic character and the structure has a cyclic unit.
Thus the concerted SDSE syn FSED mechanism is feasible.
Evidence that such molecules have a tendency towards single
isoelectron (radical) character is seen in the ESR studies of a
bis-imidazole derivative and Tschitschibabin’s hydrocarbon. A
[4 4+ 4] cycloadduct was observed for 23 [39b] in a quantitative
yield and for the thiophene analogue. These are also substrates
that would favour the SDSE mechanism. Other examples have
been reported including the sulphur system 24 and o-xylylene
[39¢c]. A [4 4+ 2] cycloaddition in these cases is generally not
favoured as aromaticity can only be regained in part of the
molecule. In the case of 23 the lack of a solvent polarity effect
on the rate of dimerization, the low activation enthalpy and the

highly negative activation entropy are consistent with a typical
concerted reaction [39b]. The SKIE are negative at both ter-
mini [39b], which is also consistent with a concerted reaction,
with values similar to that found for ozone (an SDSE process
and considered to be concerted) [40]. Despite these facts this
reaction is assumed by the authors [39b] to be stepwise, mostly
likely due to the Woodward and Hoffmann predictions [3]. The
[4+4] and [6 4+ 6] SDSE processes are favoured as the bonding
termini coincide, and thus there is less chance for radical build
up. As the radical character of these substrates increase step-
wise pathways are expected to emerge, and also as the energy
gap from the singlet to the triplet decreases. It is also feasible
that thermal cycloadditions that are concerted, via the ADEP
mechanism, have a competing concerted pathway, with higher
activation energy, involving the SDSE syn FSED mechanism.
The SDEP mechanism is predicted to have much higher activa-
tion energy than the SDSE, as the systems are not strained, and
thus stepwise pathways with lower energies may emerge before
it does. In fact there is no conclusive evidence for the SDEP
process in unstrained systems based on the empirical data on
which the assumptions are deduced from (Section 2.1).

A concerted [4 + 4] cycloaddition, via the SDEP syn FSED
process, could be achieved by incorporating strained systems
such as the norbornene skeleton into the 4 double bonds. How-
ever, it would still have to compete with the [4 + 2] DA cy-
cloaddition. This could potentially be avoided by a steric factor
(as dienophile is trisubstituted) or by introducing one. This is
a prediction that has not yet been tested experimentally. This
new prediction can also be applied to the [6 4+ 2] and [6 + 6]
cycloadditions. The present quantum chemical methods do not
predict the existence of a thermal suprafacial pericyclic reac-
tion for the [4 4 4] cycloaddition [3-5].

2.6. SDEP syn FSED electronic mechanism

Strong evidence for this new chemical theory is also to be
found in the HOMO Diels—Alder cycloaddition involving nor-
bornadiene. As discussed in Section 2.1 strained systems such
as norbornene favour the SDEP process as opposed to the ADEP
(Fig. 1). The two double bonds of the norbornadiene system
and the dienophile are close to being coplanar in the proposed
transition state of the HOMO Diels—Alder, as illustrated by 25,
Fig. 11, and thus conventional arrows are used, but with 17, 2/
and 3’ included to distinguish from the conventional meaning.
In this geometry an ADEP process cannot create syn FSED, as
illustrated in 26, Fig. 11. The electron density that builds up at
C-3, as a result of the ADEP process, points away from C-4.
However, the reaction can occur in a concerted manner by the
SDEP process. Thus the HOMO Diels—Alder can occur in a con-
certed fashion, via the SDEP syn FSED electronic mechanism,
as strained systems favour the SDEP over the ADEP. Based on
the logic of the theory the norbornadiene system behaves as the
ASIED. The HOMO DA cycloaddition has been found to be
stereospecific and stereoselective implying a concerted process
[41]. Thus the HOMO DA is a testimony to the validity of the
assumptions and their application to pericyclic reactions. The
fact that the ADEP process cannot create the correct FSED,
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Fig. 11. The SDEP syn FSED electronic mechanism 25 of the HOMO DA.
Origin of the stepwise [2+424-2] cycloaddition 26. A concerted retro [2424-2]
cycloaddition involving 27, via the SDSE syn FSED electronic mechanism,
with 28 as the product.

as illustrated in 26, is consistent with the [2 + 2 4 2] cycload-
dition involving ethylene and ethyne following a stepwise
pathway based on the experimental evidence (temperatures in
excess of 400 °C and occurs only to a small extent) [42]. Such
unstrained systems are subject to the ADEP process and the
SDEP process is highly disfavoured for unstrained substrates.
The lack of an SDEP process is consistent with the fact that
there is no conclusive evidence for the SDEP process in the
experimental data on which the assumptions were derived. In
these cases the reaction cannot occur by a concerted SDSE syn
FSED mechanism either, as the factors that favour this mech-
anism are not present (Section 2.5). This Cplex-isoelectronic
prediction is consistent with the fact that the activation energy
for the trimerisation of acetylene (six isoelectrons) is higher
than the activation energy for the six ‘electron’ Diels—Alder
reaction [42a] and they do not fit the Bell-Evans—Polanyi prin-
ciple, which suggests the reactions are not related, consistent
with different mechanisms. It can also be adduced that in the
case of acetylene the trimerization is highly exothermic, yet it
is not observed [42b]. In juxtaposition the [2 + 2 + 2] cycload-
dition is thermally allowed based on the Woodward-Hoffmann
rules [3]. Modern ab initio calculations also predict a concerted
pathway for the trimerization of acetylene [42b], despite the
experimental data [42]. Houk and Bach have attributed this to
a high activation energy barrier due to the very large closed
shell electron repulsion between the out of plane n-bonds but
Birney’s ab initio calculations have refuted this, predicting that
stabilization due to aromaticity is greater than any closed-shell
repulsion [42d].

All the thermal stereospecific retro [2 42+ 2] cycloadditions
reported [43] involved the cyclohexane ring annulated with the
either the cyclopropane and/or the cyclobutane rings, an exam-
ple is illustrated in 27, Fig. 11 which gives product 28. As the
bonds are very weak (C2-C4, C5-C6, C8—C1), the reaction in-
tramolecular and rotation restricted due to the cyclic structure
(product is cyclic) the SDSE mechanism is favourable under
thermal conditions. The stereospecificity of these retro reac-
tions is in agreement with an SDSE process.

2.7. Aromaticity

Application of the ADEP/SDEP/SDSE assumptions to ‘aro-
maticity’ is supported by Complexity theory (connections/

Fig. 12. The ADEP syn FSED electronic mechanism involved in ‘aromaticity’:
a continuous process.

regularities exist within and between systems) [8]. This
new chemical theory defines ‘aromaticity’ as a continuous
ADEP/syn FSED process within a planar loop. In relation
to benzene, the face of C-6 on which a decrease in electron
density occurs due to the 1’ process corresponds to the same
face of C-5 on which an increase of electron density occurs,
as illustrated by in Fig. 12. This syn FSED allows double
bond character to be generated at C6-C5. An ADEP mecha-
nism is predicted to be involved as opposed to an SDSE as the
former is more efficient. The 1’ process can begin from either
above or below the plane with equal probability. Experimental
evidence for the movement of isoelectron pairs in a loop is
seen in the observation of a diamagnetic ring current when
an external magnetic field is applied to benzene [14]. The
magnetic field lines and the anisotropic effect are similar to
those produced by an electrical current in a metallic loop when
placed in a magnetic field [44]. The main difference is that the
ring current is diamagnetic as isoelectron pairs are involved in
aromatic compounds as opposed to single isoelectrons which
are involved in an electrical current. It is well established by
experiment that radicals (single isoelectrons) are paramag-
netic and molecules with isoelectron pairs are diamagnetic.
The Biot—Savart law has been applied successfully to both
benzene and current carrying metallic loops, which proves
the validity of the connection [45]. Based on the logic of this
theory, neutral molecules with an odd number of double bonds
(4n + 2 isoelectrons), in a single planar loop are predicted to
be aromatic and this agrees with experiment [14].

The continuous ADEP process delocalises the six isoelec-
trons, which stabilises the system. However, stability due to
delocalisation reaches a maximum once the isoelectrons are
moving sufficiently faster than an approaching reactant. Stabil-
ity due to delocalisation does not increase as the rate of the
ADEP process increases beyond this rate, as an approaching re-
actant still feels the average force of a single and ‘double’ bond
no matter what the rate is. However, beyond delocalisation this
increasing rate of the continuous ADEP process is predicted
to add further stability and it is expected to have the greatest
potential for increasing the stability of the molecule. An ap-
proaching reactant would have to slow the rate of the ADEP
process to interact with the isoelectrons and as the rate of the
continuous process increases it will become even more difficult
to interact with the isoelectrons and thus stability increases,
unlike the delocalisation stability. This will be referred to as
RCEDGD (rate of continuous electron dynamics greater than
delocalisation) stability. The six isoelectrons become ‘locked’
in this rapid cycle. The RCEDGD and delocalising processes



170 M.O. Cloonan / International Journal of Hydrogen Energy 32 (2007) 159—-171

Fig. 13. Perfluorotetracyclobutacyclo-octatetrene ring system 29.

explain the low reactivity of benzene relative to alkenes and
the tendency to undergo substitution reactions as opposed to
addition and it is the RCEDGD stability of the ADEP process
that is predicted as the major factor as opposed to delocali-
sation. Considering the high efficiency of the ADEP process
the continuous process is expected to be rapid. Evidence that
the ADEP process is extremely rapid and that its rate provides
the greatest source of stabilisation in benzene is seen in the fact
that present experimental techniques (e.g. NMR, X-ray crystal-
lography), which are subject to a time scale, observe an equal
degree of electron density at each point along the benzene ring
(they observe an average due to the high rate).

Based on this new chemical theory, systems with an even
number of double bonds (4n isoelectrons), with the exception of
cyclobutadiene (as electron paths cross in an SDEP process; see
Section 2.5), are predicted to exhibit a diamagnetic ring current
(implies movement of isoelectron pairs) if an SDEP process
is involved. This could be achieved, based on the logic of this
theory (see Sections 2.1 and 2.6), by annulation with strained
rings such as the four membered rings or norbornene-type sys-
tems. A continuous SDEP syn FSED process explains why the
planar perfluorotetracyclobutacyclo-octatetrene ring system 29,
(Fig. 13) which has eight electrons (n = 2), is diamagnetic
(which violates Hiickel’s rules) and why the system is delo-
calised (it is also planar) as suggested by the bond lengths (bond
alternation is relatively small, a difference of 0.08 A) [46]. This
will be referred to as SDEP-Aromaticity. The present quantum
chemical methods predict that perfluorotetracyclobutacyclo-
octatetrene is a localised structure with a closed-shell singlet
electronic configuration [47]. These quantum chemical cal-
culations also predicts that a delocalised structure would be
diradicaloid, a “disjoint” singlet diradical [47c]. CTOCD-DZ
(modern Hartree—Fock methods) calculations [47c] predict
that the ring 29 has a paratropic ring current (antiaromatic), in
contradistinction to the empirical data.

Based on this theory benzene is either a rapid equilibrium be-
tween two 1,3,5-cyclohexatriene structures, and thus an average
structure is observed by the present experimental techniques,
or the single bond framework is constant. The former case is
similar to the Kekulé model of benzene except that the Kekulé
model lacks an intimate mechanism by which the electrons can
move [48]. The electron was not discovered when Kekulé pro-
posed his model. This theoretical possibility involves valence
tautomerism (fluxional), via the ADEP syn FSED electronic
mechanism. The concept of having the single bonds equal is

seen in the outer-sphere electron transfer mechanism where the
lowest energy pathway for electron transfer between complexes
occurs when the metal-ligand bond distances are the same [49].
Considering that spectroscopy techniques are subject to a time
scale (thus an average may be observed) and present analysis
of the spectroscopic data is strongly dependant on theory [50],
it is not unequivocal to which of the two alternative proposals
is valid. This and other features including ‘antiaromaticity’ will
be discussed in a future publication.

As a final point it should be noted that the Cplex-isoelectronic
theory, in its present qualitative form, is like all qualitative the-
ories, prone to some degree of a posteriori rationalization in
some cases. This can be seen, for example, in deciding whether
a thermal reaction can occur via a concerted SDSE syn FSED
electronic mechanism or by a stepwise pathway. This is not
necessarily a limitation in juxtaposition to the present theories,
based on the following statement by Dewar “The problems of
chemistry cannot be solved, and will not be solved in the forsee-
able future, by a priori quantum mechanical calculation” [51].
According to Dewar all present quantum methods, including
ab initio method, are wholly empirical and the only way of
discovering which level of theory is sufficient is by comparing
with experiment [52]. This stems from the fact that it is imprac-
tical to calculate an exact representation for complex chem-
ical systems, especially chemical reactions, based on present
methods and technologies. Some of these a posteriori rational-
izations can be removed when more knowledge about the ex-
perimental data, on which the assumptions are deduced from,
is discovered. On this vein the emergence of Hadronic chem-
istry is highly promising as convergence occurs at least 1000
times faster than the present C.I. calculations [1,2]. Further-
more, as Hadronic chemistry permits an exact quantitative rep-
resentation of the chemical bond it can make new predictions
for pericyclic reactions and aromatic compounds. Exploring the
consistency between the predictions of the Cplex-isoelectronic
theory and hadronic chemistry is for future study.
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