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Abstract
Electron redistribution is the cornerstone of our understanding of chemical reactivity. For 
the vast majority of organic reactions electrons are assumed to move in pairs providing 
explanatory mechanisms through the generation of intermediate structures. But for many 
transformations these discrete steps are idealized constructs, involving intermediates 
assumed but not empirically justified. This unitary perspective predicated on the curved 
arrow formalism has resulted in the scenario where for many organic transformations our 
supposed understanding far surpasses our growing knowledge. Reformulating organic 
mechanisms to include single electron transfer (SET) as a component of, or an alternative 
to, the prevailing iconic descriptions can provide for a more empirically adequate mecha-
nistic description. In addition using the language of SET presents an opportunity to unify 
mechanistic concepts under a common donor/acceptor framework.

Keywords Organic chemistry · Mechanism · Representation as reality · Electronegativity · 
Resonance

The electronic theory of organic chemistry functions by first assimilating the molecule of 
interest to a standard type whose behavior is already known, and then employing a small 
set of structural concepts to provide explanations for a significantly greater number of 
chemical transformations for that system. Success depends on how robustly applicable 
these concepts are in terms of providing an explanation of the outcome in terms of prod-
uct disposition. While it is impossible to deny the immense progress that this mechanistic 
theory has played in leading the discipline out of its “…dark forest” (Wöhler 1835), defi-
ciencies inherent to the approach, and intrinsic to some of the concepts, imposes limits on 
what can be achieved. Specifically the unitary perspective has resulted in an emphasis on 
polar reactions, limiting the presentation and instruction of organic chemistry mediated by 
single electron transfer (SET). In highlighting these deficiencies I have previously argued 
that organic chemistry, as experienced by most undergraduates is more akin to an algo-
rithm than a coherent conceptual framework (Healy 2019). This view has been countered 
with the proposition that with informed pedagogical innovation the student can indeed 
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be presented with a “cohesive predictive and explanatory model” of organic reactivity 
(Cooper and Klymkowsky 2020).

The characterization of organic chemistry as a language appears often in the pedagogi-
cal literature (Galloway et al. 2017). But a language is a formal structure from which we 
construct elements of communication. It is not, nor therefore by analogy should Organic 
Chemistry in such a context be seen as, a model in any functional scientific sense. The 
combination of Christopher Ingold’s mechanistic taxonomy, Robert Robinson’s electronic 
theory, and structural concepts such as electronegativity has created a formalism predicated 
on the movement of two electrons to or from atoms, ions or bonds, providing the dominant 
framework for the teaching of a discipline. In the face of an explosion in the number of 
organic transformations1 this century-old construct, as presented in nearly all textbooks, 
has been altered not by changing the underlying model but by aligning the empirical data 
with formal elements of the organic “language”. The fact that moving specific electrons 
from a bond or an atom violates the spin-statistic theorem (Pross 1985), or that atomic 
charge in a molecule is not an experimentally observable property (Wiberg and Rablen 
1993), has not impacted the use of this formalism for the formulation of explanatory and 
predictive descriptions of organic transformations in the undergraduate curriculum. But as 
noted previously (Healy 2019) the explanatory power of any such description is limited due 
to the fact that product distribution is usually contingent on experimental parameters, while 
the qualitative nature of the mechanistic concepts stymied Ingold’s hope that the “mecha-
nism” could provide an a priori prediction of a given result.

It has been rightly observed that “chemistry without molecular structure would be unin-
telligible” (Woolley 1998) and as a science of molecular transformations organic chemis-
try has achieved dramatic success by allowing for the intentional design of such structures. 
The localized bond is central to the representation of not just the end points of this transfor-
mation but also for the intermediate structures that constitute our traditional understanding 
of the mechanism. And while electron redistribution is the cornerstone of our understand-
ing of chemical reactivity, in order to generate the required intermediates organic mecha-
nism localizes theses electrons to specific atoms or bonds. This unitary perspective gives 
rise to the analogy of mechanism as a movie. However beyond the oversimplification this 
description conflates two different types of representation in a way that has profound con-
sequences for the utility of the mechanistic formalism, a formalism that is best exemplified 
not as a model or a language, but as a representation.

Organic chemistry as representation

The classical concept of the molecule, while problematic in several respects, is essential to 
the practice of chemistry. By informing the control of molecular transformations chemical 
structure, as represented by localized bonds, permits the assignation of empirical observa-
tions to the structural elements, even as the nature of the chemical bond itself remains a 
matter of debate (Sutcliffe 1996). Thus by appreciably resembling the molecule the clas-
sical structure can be said to be a representation of the molecule. To maintain the iconog-
raphy during the transformation from reactant to product the electrons being redistributed 

1 The Beilstein database of Organic reactions has logged yearly growth of ca. 250,000 structures, 200,000 
reactions and about 40,000 citations from 1979, and as of 2004 contained 9,293,250 chemical reactions 
(Fialkowski et al. 2005).
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must remain localized to atoms and bonds. But while the localized, or valence bond (VB), 
and delocalized, or molecular orbital (MO), descriptions of electron distribution are related 
by a unitary transformation and thus are equivalent descriptions of the wave function (Ψ), 
the requirement that specific electrons move to specific locations is disallowed because of 
their indistinguishability. And while a discrete path from reactant to product is informative 
in describing the overall transformation the actual dynamic trajectory is far more stochas-
tic. By its nature therefore any structure-based description of the trajectory is not a repre-
sentation of the chemical process, but rather representation as a distortion of the process, 
or a willful misrepresentation (van Frassen 1980). Regardless of construction if these rep-
resentations inform our control of the chemical transformation then they can be considered 
as empirically adequate (van Fraassen 2004).

While the representation of a molecule’s structure can be guided by an isomorphic, 
or sometimes homomorphic, mapping between the structural components and an experi-
mental or quantum mechanical (QM) observable, the departure from resemblance means 
that the representation of the mechanism as a distortion is inherently relational (van Fras-
sen 1980). This leads to representation by caricature, where distorted resemblances are 
deemed to be important for the user/viewer by the provider/caricaturist, allowing the mech-
anism to represent the chemical transformation in the context in which it was intended. The 
greater the distortion the more “draconian” the caricature, and thus the greater importance 
in understanding the purpose or intention. To exemplify the need for perspective to inform 
our understanding of organic mechanism let us look at one of the most iconic and widely 
applicable organometallic transformations.

Representing organic mechanisms

While the Grignard reaction has a long history as an indispensable organic transformation 
a detailed characterization of the reagent in solution and a comprehensive understanding 
of the effects of solvent and temperature on the reaction are still lacking. While the nucleo-
philic character of the carbanion means that the polar mechanism dominates pedagogical 
descriptions, the formation of radicals is required to explain the production of pinacolates 
and alkanes, Scheme 1. Radical coupling within the solvent cage leads to product forma-
tion, while diffusion of the radicals out of the cage leads to the formation of byproducts 
either by self-coupling or hydrogen extraction from solvent (Lopp et al. 1975). High level 
calculations confirm both a polar mechanism, occurring through concerted four-centered 

Scheme 1  Grignard mechanism involving polar, homolytic and SET contributions
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formation of C–C and O–Mg bonds, a radical mechanism through hemolytic cleavage of 
the alkyl–Mg bond, and an SET mechanism involving the formation of singlet biradicals 
with the spin density localized on the reagent and ketyl carbon centers through the transfer 
of an electron from the highest occupied molecular orbital (HOMO) of the donor (D) to the 
lowest unoccupied molecular orbital (LUMO) of the acceptor (A) (Yamazaki and Yamabe 
2002).

Whereas the polar representation conveys the utility of the carbanion as a nucleophile 
useful in the formation of carbon–carbon bonds, the radical representations highlight how 
reaction conditions influence product distribution, while a mechanism involving SET illus-
trates how solvent, by modulating reduction potential, can be determinative in the con-
trol of this distribution. Textbook coverage of the mechanism focuses almost exclusively 
on the polar character of the Grignard reaction and on the nucleophilic characteristics of 
the reagent. Such singular representations, absent any experimental context, have been 
criticized as attributing to the mechanistic formalism a “surfeit of pure logic”, with the 
author characterizing this “fiction” as a caricature (Laszlo 2002). While clearly perjora-
tive, as opposed to illustrative when used prior, the description is nevertheless telling in 
both instances. Scheme 1 is intended to convey the “ensemble of transformations occur-
ring simultaneously in solution” (Peltzer et al. 2020). To choose the polar reaction is not to 
select the most accessible or applicable mechanism for student study, but rather to empha-
size a reaction more congruent with standard organic terminology.2

Experimentally, and therefore empirically, Scheme 1 needs to be viewed as a singular 
mechanism with three, albeit simplified and thus already distorted, components. To select 
only the polar component is not to emphasize the polar mechanism, but to further distort 
the representation to serve a pedagogical purpose, and creating a classic instance of what 
Thomas Kuhn dismissively called “textbook science”. That is not to invalidate the tradi-
tional representation, but instead to characterize it in representational terms as a distortion 
intended to convey specific characteristics and utility. In terms of the two meanings of the 
word, the polar representation of the Grignard, while most definitely a fictional caricature 
of the experimental mechanism, also serves as an explanatory caricature of the carbanion 
as a nucleophile. But Kuhn’s critique definitely applies since the traditional picture is most 
definitely not the mechanism. A second mechanism exemplifies this disconnect in more 
dramatic fashion.

A bridge too far

The traditional mechanism for electrophilic aromatic substitution (EAS) involves direct 
addition of an electrophile to the aromatic substrate to generate the Wheland interme-
diate followed by collapse of this σ-intermediate to yield products. However for the 
nitration of benzene it has been shown that instead of direct addition of  NO2

+ to the 

2 It was Ingold’s original intent that the electronic effects used to establish the link between structure and 
energy be separate from those used to connect structure and reactivity. By the time of his 1934 review 
(Ingold 1934) the through bond inductive effect and the conjugative mesomeric effect had been classified 
as permanent, what are termed today as polarization effects. However during the course of a reaction time-
independent polarization is replaced by time-dependent polarizability, or what Ingold at the time called the 
inductomeric and electromeric effects. Today the latter terms are no longer used, and mesomerism has been 
widely replaced by resonance, where �i is a canonical resonance form, �i =

∏

j nj�j , of the wave function, 
Ψ =

∑

i
ci�i (Healy 2011).
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aromatic substrate, the mechanism involves the formation of three critical intermedi-
ates, including a preliminary charge transfer (ct) π-complex, as well as a cation radical 
ion-pair and the classic σ-complex Scheme  2 (Esteves et  al. 2003). In fact mediation 
of electrophilic aromatic nitration by a radical cation was proposed as early as 1946 
(Weiss 1946). Experimental results for electrophilic aromatic nitrosation represent an 
even greater divergence from the textbook mechanism, with both high order theoreti-
cal analysis and picosecond time-resolved spectroscopy confirming that the classical 
Wheland structure is not even a stable intermediate, but instead represents a high energy 
transition state between collapse of the ion-pair and formation of the product (Gwaltney 
et al. 2003). By contrast the generation of a radical-ion pair during the EAS of benzene 
and its derivatives is predicted theoretically, and for a variety of nucleophiles, including 
 NO2

+,  NO+ and  Br2, has been confirmed experimentally (Kochi 1988; Vasilyev et  al. 
2002), leading to a more explanatory SET mechanism, Scheme 2.

This improved representation of EAS separates the rate-determining step of the 
mechanism from the product-forming step, the latter characterized by collapse to the 
traditional σ-complex, negating the intrinsic difficulty encountered when trying to rec-
oncile reactivity and directing effects with the traditional curved arrow formalism and 
polar mechanism, “Appendix”.

Intermediates in reaction mechanisms are defined as species with a lifetime longer 
than that of a molecular vibration (approx.  10−13 s), or long enough to become diffu-
sionally equilibriated in solution, and that have a barrier for breakdown to both reac-
tants and products (Jencks 1980). To provide a structural account of the energy pro-
file of the mechanism qualitative concepts such as the inductive effect and resonance 
are used to evaluate the relative stabilities of not just the reactants, intermediates and 
products, but also for the transition states (TS) connecting such species. Such analysis 
for the TS involves application of the Hammond Postulate, a heuristic principle stat-
ing that “…if two states, as for example a transition state and an unstable interme-
diate occur consecutively during a reaction process and have nearly the same energy 
content, their interconversion will involve only a small reorganization of the molecular 
structures” (Hammond 1955). More contemporary characterizations, such as “the tran-
sition state resembles the structure closest to it in energy”, are at once ambiguous and 

Scheme 2  EAS mechanism showing polar and SET pathways to the traditional Wheland intermediate
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misleading, and very relevant to the problems posed by a purely structural account of 
organic mechanism.

A reaction outcome attributable primarily to the stability of the products formed is said 
to be under thermodynamic control, but when determined by the height of the (largest) bar-
rier encountered on the mechanistic pathway is described as being under kinetic control. 
The former is favored by longer reaction times, higher temperatures, and where the prod-
ucts are markedly more stable than the reactants. Otherwise kinetic control is operant. In 
Scheme 2 the rate determining step involves the formation of an ion-radical ion pair which 
subsequently decomposes to the classic structural intermediate. With the highest TS no 
longer adjacent to the traditional σ-intermediate the Hammond postulate no longer permits 
the cationic intermediate to be used as a surrogate for the highest TS, and cannot be used to 
estimate the relative energy of the barrier to reactivity. More troubling is the fact that using 
the postulate for those mechanisms where no stable σ-intermediate is experimentally char-
acterized involves “… comparing an activated complex with a hypothetical intermediate, 
and is equivalent to comparing it to itself” (Farcasiu 1975). This has led to the scenario 
that when the inductive and resonance effects are in opposition, as with the EAS of chlo-
robenzene, it is only by appealing to the experimental result that the user can determine 
that the resonance effect is more determinative for control of the reaction. This is presented 
to the student as the “exception” to the rule that activating substituents favor ortho- and 
para-directing effects, since chlorine is deemed deactivating because of its electronega-
tivity, and the resultant withdrawal of electron density from the aromatic ring (inductive 
effect), but ortho- and para-directing because of the additional resonance structures. This 
tautological analysis however suffers from the additional handicap that the chlorine sub-
stituent is really “activating” through the release of electron density into the aromatic ring, 
“Appendix”.

An alternative

The pedagogical framework predicated on the movement of two electrons can be traced 
to 1953 and the publication of Christopher Ingold’s “Structure and Mechanism in Organic 
Chemistry”. One year before Robert Mulliken proposed that Ingold’s nucleophilic and 
electrophilic terminology be subsumed under the already existing donor–acceptor nomen-
clature attributable to N. V. Sidgwick (Mulliken 1952). While acknowledging that Ingold’s 
formalism was an improvement on the more restrictive base/acid definitions proposed by 
G.N. Lewis, Mulliken noted that the requirement that electrons transfer from a specific 
atom/bond to a second bond/atom was too restrictive, though allowable as an “impor-
tant special case”. Donors and acceptors interact through the transfer of an electron from 
HOMO of the donor (D) to the LUMO of the acceptor (A) to form a charge transfer (ct) 
complex  (D+−A). The strength of the interaction depends on the energy gap. Mulliken’s 
framework presents the possibility of a unified mechanistic picture that describes the trans-
fer of electrons from bases/reductants/nucleophiles to acids/oxidants/electrophiles. Mul-
liken’s framework also incorporates the concept of absolute electronegativity an empirical 
measure of a molecules ability to donate and accept electrons (Pearson 1990). In addi-
tion to its quantitative character absolute electronegativity is a property of the molecule, 
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as opposed to the Pauling definition of electronegativity which in addition to being purely 
qualitative refers to a property of the atom in a given bond.3

Curved arrows work as well as they do simply because they illustrate the electron dis-
tribution in the frontier orbital. But while the transfer of two electrons from the HOMO 
of one reactant to the LUMO of a second represents a more fundamental description of 
an organic reaction than the curved arrow mnemonic, transferring one electron presents 
an equally viable alternative and one that parallels Mulliken’s ct complex. When electron 
transfer and bond breaking/forming take place within the same time scale the transfer is 
described as proceeding through an inner-sphere mechanism (Taube 1984). By contrast the 
outer-sphere mechanism operates for a stepwise reaction where electron transfer and bond 
breaking/forming take place in separate steps. Adding the language of outer-sphere and 
inner sphere to Mulliken’s framework presents the possibility of a unified mechanistic pic-
ture that describes the transfer of electrons from bases/reductants/nucleophiles/donors to 
acids/oxidants/electrophiles/acceptors.

The reaction of sterically unhindered alkyl halides with a nucleophilic anion is 
described by the familiar and iconic  SN2 mechanism, Scheme 3. However by representing 
the inner sphere reactant and product states as Lewis structures it is easy to see that the 
simplest representation of the SET mechanism, a one electron shift from the nucleophile to 
the leaving group, represents a dramatic departure from, and indeed a simplification of, the 
traditional  SN2 curved arrow notation (Savéant 1990). Based on the loss of stereospecific-
ity it has been shown that for easily reduced alkyl halides and highly nucleophilic anions 
the alkyl iodide is likely to undergo SET (Ashby 1988). This brings into question the valid-
ity of assigning a single mechanism to a named reaction like “bimolecular nucleophilic 
substitution”.

Taken together the foregoing demonstrates that the curved arrow is at best a carica-
ture of the mechanism, and more often simply a useful mnemonic. The fact that organic 
molecules can be intentionally designed is a testament to empirical adequacy of the clas-
sical structure, and its utility in informing the chemical transformation. However to dis-
tort the mechanism for the transformation to accommodate localized structure throughout 
the transformation pathway renders such a description more a fictional caricature than an 

Scheme 3  SN2 iconic mecha-
nism as well as the inner sphere 
SET mnemonic favored with 
increasing ease of substrate 
reduction

3 The succeeding 20 pages presented what H.C. Brown characterized as “an elaborate system of notation” 
designed to unify a slew of reactions of bases/nucleophiles/reductants with acids/electrophiles/oxidants 
under a single donor–acceptor framework. The result, as feared by Mulliken himself, was “excessively” 
elaborate and never widely adopted.
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informative one. This leads to analyses that rely for their explanatory power on the very 
results they were hoping to predict. There are alternative mechanistic formalisms capable 
of generating less distorted representations, and embodied by different, but functional, 
mnemonics. Maybe it is time for the construction of a more unified, and empirically ade-
quate organic mechanistic framework, one that can aid in the quest for a greater chemical 
understanding.

Appendix

The absolute electronegativity ( � ) is an empirical measure of a molecules ability to donate 
and accept electrons, and is calculated as the average of the ionization potential (IP) and 
the electron affinity (EA), where IP = − εHOMO and EA = − εLUMO. The ct wave function Ψ 
can be defined as a sum of its “no bond” and “dative bonding” components, (1):

The smaller the size of the energy gap, as measured by  IPD − EAA, the easier the elec-
tron transfer and the larger the ct contribution to the wavefunction as measured by the b 
coefficient, or  b2 due to normalization of the wave function. Since the electron can transfer 
in either direction the relative strength of forward transfer relative to the reverse is meas-
ured as the difference between the size of energy gaps and the ratio of the square of the 
coefficients in (1):

Rearrangement of (2) gives (3) where � is the absolute electronegativity, an empirical 
measure of chemical reactivity:

Smaller absolute values for �
Ar

 yield larger values for coefficient b indicating a greater 
degree of SET to form the ct complex.

As can be seen from Scheme 4, Eq. (3) correlates perfectly with the EAS reactivity rela-
tive to benzene, for electron withdrawing and electron donating substituents, and with the 

(1)ΨDA = aΨ1(Ar,EX) + bΨ2(Ar
+,EX−

)

(2)b2

a2
∝ (IPEX − EAAr) − (IPAr − EAEX)

(3)b2

a2
∝ (IPEX + EAEX) − (IPAr + EAAr) and

b2

a2
∝ 2(�

EX
− �

Ar
)

Scheme  4  Absolute electronegativity values for aromatic donors and molecular halogen acceptors for a 
variety of EAS reactions
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observed order of electrophilicity for the molecular halogens. More significantly this rela-
tionship also highlights how chlorobenzene can be identified as having lower EAS reactiv-
ity, due to a larger absolute electronegativity, while at the same time giving predominantly 
ortho- and para-substitution. This is because orientation effects are determined by the spin 
density at the different atoms of the radical cation, as defined by size of the coefficient for 
that atom in the singly occupied  HOMO9. The electron releasing property of the chloro-
substituent lowers the IP relative to benzene by destabilizing the HOMO, defining it as 
activating and giving coefficients in the order of para > ortho > meta.
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