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1. Aromatic Substitution Reactions

Substitution reactions on aromatic rings are central to
organic chemistry. Besides the commonly encountered elec-
trophilic aromatic substitution,[1] other mechanisms include
SNAr nucleophilic aromatic substitutions[2, 3] and the distinct
but related SNArH and vicarious nucleophilic substitutions,[4]

substitutions brought about through benzyne intermedi-
ates,[5,6] radical mechanisms including electron transfer-
based SRN1 reactions[7] and base-promoted homolytic aro-
matic substitution (BHAS) couplings,[8] sigmatropic rear-
rangements,[9] substitutions arising from deprotonation of
arenes (directed metalations),[10] the vast array of organome-
tallic mechanisms[11, 12] and SN1 reactions.[13] All of these areas
of chemistry are too vast to reference comprehensively, and so
are simply represented here by one or two key reviews or
recent references. Among these various reaction types, SNAr
reactions have attracted a lot of recent attention, because of
a recognition that many such reactions may proceed by
concerted (cSNAr),[14,15] rather than classical two-step mech-
anisms.

1.1. Classical Nucleophilic Aromatic Substitution

Nucleophilic aromatic substitutions have been studied at
least since the 1870s.[16–18] The long-accepted mechanism,[4,5]

exemplified in Scheme 1 for dinitroarene 1, involved a two-

stage process that featured a Meisenheimer intermediate 2. In
these substitutions, the arene is significantly activated for
substitution by the presence of one or more electron-with-
drawing substituents in the positions that are ortho or para to
the site of substitution to provide resonance stabilisation, and
with nitro as a favoured substituent. In TerrierQs excellent
book on SNAr reactions in 2013,[3] he wrote that “concerted
reactions are the exception rather than the rule” and “there is
little doubt that most of the activated SNAr substitutions must
proceed through the early-recognised addition-elimination
mechanism”.

Recent developments in experimental and computational
chemistry have identified a rapidly growing class of nucleophilic
aromatic substitutions that proceed by concerted (cSNAr) rather
than classical, two-step, SNAr mechanisms. Whereas traditional
SNAr reactions require substantial activation of the aromatic ring
by electron-withdrawing substituents, such activating groups are
not mandatory in the concerted pathways.
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Scheme 1. Classical two-step mechanism for SNAr reactions.
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Evidence in favour of a two-stage substitution was cited
when intermediates were isolated. Thus, as reviewed by
Bunnett and Zahler[2] in 1951, a number of reactions gave rise
to isolated intermediate adducts (Scheme 2). Key studies

were performed by Meisenheimer,[19] who isolated a common
intermediate 5 from reaction of methyl ether 4 with NaOEt,
and from reaction of NaOMe with the ethyl ether 6. This
intermediate was then decomposed into a mixture of the
parent ethers on acidification. Adduct intermediates of this
sort, for example, 7–11, which are routinely called Meisen-
heimer intermediates, are widespread in organic chemistry,
and are well reviewed.[20]

Nucleophilic aromatic substitutions are often carried out
on pyridines, pyrimidines and related heterocycles, and
indeed these substitutions are commonplace and important

in medicinal chemistry and agrochemistry. Although inter-
mediates from these substitutions have not been isolated
where good leaving groups are present, we are familiar with
isolation of intermediates where poor leaving groups are in
play. Examples of intermediates at the extreme of this scale
that can be isolated are the salts resulting from addition of
organolithium compounds to pyridines, such as 12, that is,
compound 13 which, on heating, gives the substituted pyridine
14 with elimination of LiH (Scheme 3).[21–23] Generation and

isolation of such intermediates will be affected by the power
of the ring substituents in stabilising negative charge, as well
as by the pKa values of the conjugate acids of the incoming
and departing groups.

Supportive evidence in favour of the nucleophilic nature
of the substitution mechanisms arises from Hammett studies,
where significant positive 1 values are associated with the
rate-determining step. It must be remembered, when compar-
ing 1 values, that they vary with the temperature of the
experiments.

Examples reported by Miller[24, 25] (Scheme 4) indicate
that there is extensive negative charge build-up in the rate-
determining step. Although the cases below in Scheme 4 have
particularly high 1 values, it is recognised that many SNAr
reactions have values between + 3 and + 5. Looking at the
substrates chosen by Miller is revealing. His series of
substrates 17 a–d consisted of four examples, where R =
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Scheme 2. Some known Meisenheimer intermediates.

Scheme 3. Organolithium additions to pyridine, and re-aromatisation.
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NO2, Ac, CF3 and Cl. Whereas NO2 and Ac are substituents
that can delocalise a negative charge by resonance, clearly
CF3 and Cl cannot, although they can contribute inductive
stabilisation to different extents. MillerQs Hammett analysis
showed[25] that the four substrates had an excellent correlation
with s* for these substituents,[26] suggesting a common
mechanism for them.

1.2. Concerted Nucleophilic Aromatic Substitution (cSNAr)—
Early Developments

Although the literature adopted two-stage SNAr reactions
as the norm, despite the reactivity of substrates like 17d
studied by Miller, noted above, further anomalies began to
appear. These studies have culminated in the recent paper by
Jacobsen et al.,[14] which transforms our perception of the
prevalence of cSNAr reactions. This will be discussed later in
Section 13 of this review. Papers referenced below are cited
for their relevance to cSNAr reactions.

A very early example was the work of Pierre et al.[27] who,
in just a single paper that was published in 1980, studied the
reaction of KH with aryl halides. This report simply involved

hydrodehalogenation of substrates 19 in tetrahydrofuran
(THF) as solvent (Scheme 5). The reactions were not pursued
with detailed mechanistic investigations, but the observations
made were illuminating.

By conducting the experiments with KH in [D8]THF,
Pierre et al. were able to show that the substituting hydrogen
indeed came from KH. They were able to dismiss any idea of
a benzyne mechanism, since no H2 was evolved. The order of
reactivity was: ArI > ArBr > ArCl > ArF, which is the
reverse of the order often found in classical SNAr reactions.
Since the reactions proceeded in the absence of activating
substituents like nitro groups on the ring undergoing sub-
stitution, they proposed a concerted reaction mechanism with
a four-centred transition state but, at that time, no computa-
tional methods were available to support these ideas. Perhaps
because this reaction seemed so anomalous, but most likely
because it was both a single paper in this area by the authors
and also was not written in English, the paper received very
little attention. Nevertheless, it heralded a lot of subsequent
developments. We will return to this example later in this
review.

An early study pointing to concerted nucleophilic sub-
stitution was conducted by Fry and Pienta who, in 1985,[28]

provided mechanistic evidence through Hammett correla-
tions. When studying rate constants for nucleophilic aromatic
substitution of arenesulfonate groups in 22 by halide anions in
dodecyltributylphosphonium salts 23 (Scheme 6), using
a range of different R1 substituents, Hammett plots gave
reasonable fits to straight lines, with 1 values of + 1.5 and
+ 1.1 for s and s@ respectively (Scheme 6A). The effect of the
R1-group on the rate of the reactions was therefore substan-
tially lower than for many literature SNAr reactions. Indeed,
the substrates that were trialled included 22 d (R1 = OMe),
which can clearly not provide credible stabilisation for
a developing negative charge on the ring in a Meisenheimer
intermediate. Importantly, the reaction series also showed
some sensitivity of the transition state to the R2-substituent on
the leaving group (Scheme 6B, 1 =+ 0.22). The similarity of
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Scheme 4. Miller’s studies of Hammett correlations.

Scheme 5. Proposal for concerted SNAr reactions by Pierre et al.[27]
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rates regardless of the halide identity (Scheme 6C) ruled out
an SRN1 mechanism, as the differences in halide redox
properties would require a much more substantial rate
difference between the different halides. However, in their
conclusion, the authors postponed speculation on the precise
mechanism of their reactions.

On the other hand, Williams et al. reported a number of
nucleophilic aromatic substitution reactions with concerted
mechanisms on substituted 1,3,5-triazines 26–29.[29–32] They
found that the reaction of various phenolate ions with 26
(Scheme 7),[29,30] followed a linear relationship on a Brønsted

plot over a range of pKArOH values above and below that of
the conjugate acid of the leaving group (4-nitrophenol). The
lack of curvature in the free energy relationship suggested
that there was no change in mechanism when moving from
strongly electron-withdrawing groups to weakly electron-
donating groups, which is consistent with a concerted mech-
anism.

The same 1,3,5-triazine core, with aryloxy and pyridine
leaving groups, was also studied in aminolysis reactions with
various amines.[29, 30] Hammett plots for the reaction of
morpholine (1 =+ 1.65) and N,N-dimethylaminopyridine
(1 =+ 0.82) were recorded. Detailed arguments allowed the
authors to conclude that a concerted substitution was occur-
ring. These rigorous papers were important in raising aware-
ness of concerted nucleophilic aromatic displacements.

2. Some Contributions by Computational Studies

Related to these studies, computational methods were
employed[33] to examine the hydrolysis of protonated chloro-
triazines for example, 46, (Scheme 8) which are of interest in
agrochemistry. In both gas phase and in water, Meisenheimer
intermediates could not be located, suggesting that these
reactions instead proceed in a concerted manner, albeit with
high kinetic barriers, at least when a neutral water molecule
was the nucleophile.

In fact, computational studies played a significant part in
providing credibility for the concerted nature of cSNAr
reactions over the past 30 years. In all the computational
studies cited here, the geometries were optimised with density
functional theory (DFT) methods unless otherwise stated. We
now cluster some of the computational results that suggested
the cSNAr mechanism, although further cases will also be
referenced at appropriate places later in this review.

Nucleophilic aromatic halogen identity-substitution reac-
tions were investigated computationally in the gas phase
(Scheme 9) by Glukhovtsev et al.[34] The exchange reactions
of 49 with the corresponding halide anion X@ (for Cl, Br, I) all
proceed via a Meisenheimer-like transition state structure 50.
No intermediate was found. However, the authors observed

Scheme 6. Some SNAr reactions provided Hammett correlations with
low 1-values.

Scheme 7. Substitutions of aryloxy-substituted triazines.

Scheme 8. Hydrolysis of protonated triazines.

Scheme 9. Computational investigations of identity substitutions.
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Meisenheimer intermediates for the fluoride addition to
fluorobenzene and for the chloride addition to 2,4-dinitro-
chlorobenzene and picryl chloride (2,4,6-trinitrochloroben-
zene). This study was expanded by Uggerud et al.[35] with
second-row (NH2

@ , OH@ , F@), third-row (PH2
@ , SH@ Cl@) and

fourth-row (AsH2
@ , SeH@ , Br@) nucleophiles. Additionally,

a more diverse array of substituents, R, was considered. A
Meisenheimer intermediate was observed for all three
second-row nucleophiles with substituents as different as
-NH2 and -NO2 (for both NH2

@ and F@ as the nucleophile) and
for substituents -H and -NO2 with OH@ as the nucleophile.
For the third- and fourth-row nucleophiles, concerted mech-
anisms were calculated in several instances. In general,
a concerted mechanism was predicted for more electron-
rich aromatic systems. A stepwise mechanism with a Meisen-
heimer intermediate would become more favourable as
electron-withdrawing groups are attached to the aromatic
ring.

Building on the halogen-exchange reactions mentioned
above, fluorodechlorination reactions and fluorodenitration
reactions of aryl chlorides and nitroaryls in dimethyl sulfoxide
(DMSO), were reported by Sun and DiMagno.[36] Computa-
tional studies were performed for the fluorodenitration
reactions. para-Substituted nitroaryls were analysed and
grouped according to the Hammett parameter of the sub-
stituents. It was observed that for substituents with a Hammett
constant s@ , 0 (H and more electron-donating substituents),
the reaction proceeds via a concerted mechanism with
a Meisenheimer-like transition state.

Nucleophilic displacement of nitro groups, in 5,7-dinitro-
quinazoline-4-one 51, by methylamine as nucleophile, was
reported by Goel et al.[37] Their computational study built
upon a previous experimental study[38] that had shown that the
nitro group in the peri-position to the carbonyl was regiose-
lectively displaced over the nitro group in the para-position,
affording 52 in 85% yield (Scheme 10). In that experimental
paper, the authors had proposed the reaction to occur via a s-
intermediate, but evidence for this complex was not pre-
sented. Goel et al. studied the formation of the s-complex,
but no stable complex could be found by DFT calculations.[37]

The activation energy for a concerted nitro group substitution
was found to be 33.8 and 18.1 kcalmol@1 for para- and peri-
substitution via transition states 53 and 54, respectively. The
reason for the regioselectivity is given by the hydrogen-
bonding stabilisation between the amine and the carbonyl in

the transition state for peri-substitution, which is strong
enough to divert the methylamine away from the less
sterically hindered para-position.

The effect of the medium on substitution reactions has
also been investigated widely for SNAr reactions. The
displacement reaction (Scheme 11) of the nitro group from
nitrobenzene 55 with fluoride in the gas phase has been
studied experimentally and computationally in the gas-phase
by Riveros et al.[39] The DFT model predicts that the reaction
follows a concerted pathway with a very low activation
energy.

The effect of explicit solvation and counter-cations on the
displacement of a nitro group in nitrobenzene by a fluoride
anion has been reported by Park and Lee[40] through
a computational approach. Including explicit solvation (two
molecules of water) and different counter-cations led to the
same concerted mechanism as predicted by Riveros et al.[39]

for the gas phase, as discussed above.
The regiochemistry of displacement of halide leaving

groups from poly-halogenated substrates has been widely
studied by computational methods. In 1999, Tanaka et al.
reported their studies[41] on the regiochemistry of substitution
of pentafluoronitrobenzene with ammonia as nucleophile, as
the solvent changed from hexane to nitromethane. These
studies predicted (and provided a mechanistic proposal to
explain) concerted substitution in the para-position, but two-
step substitution in the ortho-position.

In subsequent years, computation-based studies on regio-
selectivity have been widely undertaken. Perfluoroarenes,
and perhaloarenes more generally, have been the subject of
a number of studies of selective substitution reactions,
representing their importance in materials chemistry and in
ligand generation as well as in detoxification programmes.
Experimental and computational approaches have been
combined by Paleta et al. in their study of pentafluorobi-
phenyl.[42] With a range of N-, O- and S-nucleophiles, the
regioselectivity of substitution of 2,3,4,5,6-pentafluorobi-
phenyl was explored and showed significant regioselectivity
for substitution of the fluorine that was para- to the phenyl
group. The computational studies which used the nucleophiles
i) ammonia, ii) solvated lithium fluoride [as LiF.(Me2O)2] and
iii) solvated lithium hydroxide [as LiOH.(Me2O)2], mirrored
the experimentally observed regioselectivity but showed that,
in all cases, a concerted one-step displacement reaction was
occurring.

In a combined computational and experimental study, the
substitution reactions of pentafluoropyridine by phenolates
evidenced predominant displacement of the 4-substituent on
the pyridine.[43,44] For the resulting phenoxypyridines, exten-Scheme 10. Concerted substitutions in 5,7-dinitroquinazolin-4-one 51.

Scheme 11. Low activation energy predicted in gas-phase substitution.
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sive experimental analysis led the authors to understand that
the displacement of 4-pentafluorophenoxide (as opposed to
other leaving groups) by fluoride anion from 58 (Scheme 12)
was anomalous, and semi-empirical computational studies
(PM3) supported a concerted mechanism.

Following an earlier model for determining the site of
substitution in aromatic perfluorocarbons,[45] predictions of
the regioselectivity of SNAr reactions were made by Brinck
and an AstraZeneca team including Svensson, Liljenberg
et al.[46, 47] based on the relative stability of Meisenheimer
intermediates. As such, their model addressed the classical
two-stage mechanism. However, their computational studies
could not locate these intermediates in cases where the
leaving group was chloride or bromide (such as in 61,
Scheme 13), suggesting concerted reaction mechanisms in
those cases.

A descriptor-based model to predict relative reactivity
and regioselectivity in SNAr reactions was introduced by
Stenlid and Brinck.[48] In contrast to the selectivity models
presented above, this descriptor solely relies on the ground-
state electronic structure of the aromatic substrate. Conse-
quently, it can also be applied to SNAr reactions that do not
proceed by a stepwise mechanism via a Meisenheimer
intermediate, such as the reaction between 64 and piperidine
(65) (Scheme 14). The series spanned examples from R =

NH2 to R = NO2. The rate constants for all these examples

had been reported previously. A satisfactory correlation
between these constants and the newly introduced descriptor
was found. The observation[48] that, according to the computa-
tional model, reactions of 68 with secondary amines do
proceed via a concerted SNAr reaction was related to an
extensive experimental study of 1-X-2,4-dinitrobenzene with
a series of secondary amines.[49]

Pliego and Pill-Veloso[50] investigated the effect of ion-
pairing, explicit hydration and solvent polarity on the
fluorodechlorination reaction of 4-chlorobenzonitrile (70)
(Scheme 15). This computational model predicts the reaction

to follow a concerted mechanism. By varying the solvent
polarity, it was found that for a given fluoride salt MF, there is
a solvent with ideal polarity which just allows for the
dissociation of the ion pair but does not solvate the fluoride
ion too strongly.

In a more recent contribution, Silva and Pliego inves-
tigated[51] SNAr reactions on bromobenzene and (ortho-,
meta-, or para-) methoxybromobenzenes with different
nucleophiles in the gas phase and in solution phase by
computational methods (Scheme 16). A concerted mecha-

nism was observed with hydroxide, cyanide, and methoxide
nucleophiles attacking bromobenzene in the gas phase (albeit
the transition state energy for the reaction with cyanide was
high (DG* = 27.2 kcalmol@1). Including solvent effects in
their computations made all three reactions kinetically less
favourable (e.g. hydroxide in DMSO: DG* = 29.3 kcalmol@1;
in MeOH: DG* = 37.8 kcalmol@1. These barriers are mark-
edly higher than in the gas phase DG* = 1.6 kcalmol@1).

No change in mechanism is mentioned when going from
gas-phase to solution-phase models. Interestingly, when the
authors investigated meta-methoxybromobenzene with hy-
droxide, methoxide and cyanide as the nucleophile, they
obtained lower activation barriers (e.g. DG* = 25.8 kcalmol@1

for m-methoxybromobenzene with methoxide in DMSO vs.
DG* = 27.1 kcalmol@1 for bromobenzene with the same
nucleophile in the same solvent).

The effects of solvation on SNAr reactions in liquid
ammonia and in the gas phase by a combination of

Scheme 12. Concerted mechanism proposed in displacements of 4-
pentafluorophenoxides.

Scheme 13. No Meisenheimer intermediates were found in computa-
tional studies on displacements on pentachloropyridine.

Scheme 14. Concerted substitution reactions studied by Stenlid and
Brinck.[48]

Scheme 15. Studies on the effect of ion-pairing, explicit hydration and
solvent polarity on the fluorodechlorination reaction.

Scheme 16. Substitution reactions of bromomethoxybenzenes.
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metadynamics and committor analysis methods have been
studied by Moors et al.[52] They found that for 4-nitrofluoro-
benzene (74), the reaction proceeded via a concerted mech-
anism in the gas phase via transition state 77, but via an
intermediate Meisenheimer complex 83 in solution
(Schemes 17 and 18). For 4-nitrochlorobenzene (75), the
reaction proceeded via a concerted mechanism via transition
state 78 in both the gas phase and in solution, and for 2,4-
dinitrofluorobenzene (76), the reaction occurs via a Meisen-
heimer intermediate 79 in both solution and the gas phase.

3. Fluorodeoxygenation of Phenols and Derivatives

Fluoride played a major role in the important studies[53–56]

by Ritter et al. who had already reported[53] the deoxyfluori-
nation reaction of phenols 84 with PhenoFluor 85
(Scheme 19).[54] Intermediate 87 (Ar = Ph) was independently
synthesised and treated under the reaction conditions, and
afforded the corresponding aryl fluoride 89.

When DFT studies were carried out, a single transition
state, 88, was observed, which is characteristic of a concerted
mechanism. A large primary 16O/18O kinetic isotope effect
(KIE) (KIE = 1.08 : 0.02) was observed, showing that the
cleavage of the C@O bond is involved in the rate-determining
step. A Hammett plot also shows that there is no change in
mechanism when moving from electron-deficient phenols to
electron-rich phenols (1 =+ 1.8) indicating that there is not
a build-up of full negative charge in the ring at the transition
state.[56] The formation of the urea by-product is also highly

exergonic, which contributes to the driving force for this
reaction. These reactions feature spiro transition states,
further examples of which will appear later in this review
(Sections 7 and 8).

On a related theme, Sanford et al. reported a mild
deoxyfluorination of phenols 97 via aryl fluorosulfonate
intermediates 98.[57] This transformation was found to be
compatible with ortho-, meta-, or para-electron-withdrawing
groups, and could also be applied to electron-neutral and
moderately electron-rich substrates to provide fluorinated
products 100–111 (Scheme 20).

Computational data suggest that the binding of fluoride in
112 to sulfur to form pentacoordinate sulfonate 113 is
enthalpically favourable and the activation enthalpy to the
transition state (DH*) was found to be feasible at room
temperature (Table 1). The transition state 114 was shown to
involve concerted formation of the C@F bond and cleavage of
the C@O bond without the formation of a Meisenheimer
intermediate (Figure 1).

Scheme 17. Gas-phase reactivity with ammonia as nucleophile.

Scheme 18. Reactivity in solution with ammonia as nucleophile.

Scheme 19. Ritter’s studies[53–56] on the deoxyfluorination of phenols.

Scheme 20. Examples of deoxyfluorination by Sanford et al.
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4. Aminodeoxygenation of Phenol Derivatives

Chiba et al. have recently reported remarkable reactions
of a sodium hydride–lithium iodide composite. One of the
reaction types reported by that team promoted the nucleo-
philic amination of methoxyarenes 117, via intra-
(Scheme 21) and intermolecular (Scheme 22) reactions.[58]

This methodology was compatible with electron-donating
and electron-withdrawing substituents on the methoxyarene.

A Hammett plot with p-substituted methoxyarenes 129
showed that the 1-value was low (1 =+ 1.99). The proposal of
a concerted mechanism was backed up by computational
analysis, where a single transition state was observed for the
conversion of 140!141 with formation of a partial negative

charge, consistent with a cSNAr process (DG* = 14.7 kcal
mol@1, Figure 2). ChibaQs demethoxylation studies feature
deprotonated amines as nucleophiles. Demethoxylation by
a hydroxycyclopentadienyl iridium hydride nucleophile has
been proposed as a concerted nucleophilic aromatic substi-
tution by Kusumoto and Nozaki,[59] although no mechanistic
evidence has yet been revealed to support this.

Chiba and co-workers extended their chemistry with NaH
and additive salts to perform further intermolecular displace-
ments.[60] For example, substitution of the methoxy group in 3-
methoxypyridine (145), (Scheme 23) by piperidine 146 was
achieved in high yield using sodium hydride with LiI as
additive. With NaI as alternative additive, the reaction
proceeded in much poorer yields and with NaH alone, no
reaction was seen.

This reaction is quite flexible. In the dimethoxy case 148,
substitution at the 2-position occurs first to give 149, but the

Table 1: Enthalpy changes associated with Figure 1

Entry R (structure 112) DHbind

[kcalmol@1]
DH*
[kcalmol@1]

1 CN @4.1 13.2
2 CF3 @3.5 15.6
3 H @1.7 20.8
4 Me @1.3 22.2
5 OMe @1.1 24.0

Figure 1. Energy profile for conversion of 112 to fluoroarene 115.

Scheme 21. Intramolecular nucleophilic amination of methoxyarenes.

Scheme 22. Intermolecular nucleophilic amination of methoxyarenes.

Figure 2. Free energy profile for the cyclisation of amide salt 142.
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