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Nucleophilic aromatic substitution (SyAr) is a broadly used method for generating structural complexity in
pharmaceuticals. Although SyAr reactions were long assumed to be stepwise, recent kinetic isotope effect
(KIE) studies have shown that many SyAr reactions are actually concerted. However, it remains unclear how
variations in substrate structure affect whether a reaction is stepwise, concerted, or borderline. In this paper,
we show that reactions between indole and moderately electron-deficient aryl fluorides proceed by
a borderline mechanism and are subject to general base catalysis. These findings are consistent with
density functional theory (DFT) calculations, which also predict that borderline mechanisms are operative

Received 8th March 2025 for a broad range of industrially relevant SyAr reactions involving azole nucleophiles. The predicted

Accepted 29th April 2025
transition structures vary smoothly independent of the mechanism, suggesting that these SyAr reactions

DOI: 10.1035/d55c01856k exist on a mechanistic continuum. The findings of widespread general base catalysis and a mechanistic

Open Access Article. Published on 30 April 2025. Downloaded on 4/3/2026 11:56:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

Introduction

Nucleophilic aromatic substitution (SyAr) reactions are a crucial
synthetic tool for the amination of electron-deficient arenes.™?
Classically, SyAr reactions were presumed to be stepwise, due to
early mechanistic studies that focused on electrophiles capable
of generating stable anionic o¢-complexes, such as poly-
nitroarenes and aza-aromatics.®> The highly electron-deficient
nature of these substrates makes them easy to study, but also
renders their o-complexes (“Meisenheimer complexes”)
unusually stable.* Because these substrates are not representa-
tive, the conventional picture of most SyAr reactions as stepwise
processes is an overgeneralization (Scheme 1a).

Indeed, mechanistic studies of SyAr reactions have recog-
nized the possibility of concerted pathways (Scheme 1b),>® with
many such proposals arising from density functional theory
(DFT) predictions.” The value of DFT for predicting whether
a given SyAr reaction will be stepwise or concerted was recently
confirmed by both coupled-cluster-quality benchmark calcula-
tions and kinetic isotope effect (KIE) measurements on a series
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continuum will guide future efforts to devise general models of SyAr reactivity.

of halogen-exchange reactions.' In general, concerted pathways
are predicted to be broadly operative in SyAr reactions with
typical, modestly activated electrophiles.

The stepwise and concerted mechanisms for SyAr represent
limiting topographies of the free energy surface. Stepwise
reactions involve distinct addition and elimination transition
states that are connected by a Meisenheimer intermediate,
which lies in an energetic minimum and has an appreciable
lifetime. In contrast, concerted reactions proceed via a single
transition state that avoids an inaccessible Meisenheimer
region that is high in both energy and energetic gradient.

As these previous studies make clear, the topography of
a given SyAr reaction depends on the structure of the starting
materials. One way to conceptualize this influence is to consider
the relative barriers of addition and elimination. When the
arene is very electron-deficient, it is highly reactive and the
addition step is fast. However, once the g-complex is formed,
the leaving group is tightly held and the elimination step is
slow. As a result, the reaction occurs in two steps.

Concerted mechanisms can appear when the Meisenheimer
intermediate is less stable. For example, when the leaving group
is changed from fluoride (o,,, = 0.34) to bromide (o, = 0.39),"
the electron demand of the arene increases such that addition is
modestly accelerated. However, because bromide (pK, = —9)** is
a much better leaving group than fluoride (pK, = —3), the
elimination step becomes barrierless. Accordingly, the reaction
proceeds through a single transition state. While the foregoing
analysis might suggest that there are two distinct clusters of
SnAr mechanisms, it is also possible that the mechanism
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(a) A representative stepwise SyAr reaction with a highly activated electrophile and poor leaving group. (b) A representative concerted

SNAr reaction with a less activated electrophile and better leaving group. (c) A qualitative Marcus analysis applied to SyAr mechanisms.

changes smoothly between the stepwise and concerted
extremes. Such a mechanistic continuum is familiar in the
context of aliphatic substitution reactions,”** and distinct
clusters are generally proposed for acyl substitution.*®

In fact, a simple Marcus analysis'®"” predicts that the tran-
sition between the stepwise and concerted regimes will be
smooth. In this Marcus view, the minimum energy path for an
SNAT reaction results from the intersection of diabatic curves for
the reactants, Meisenheimer intermediate, and products
(Scheme 1c). When the intermediate is relatively stable, its
diabatic curve forms part of the minimum energy path, and the
reaction is stepwise with a clear intermediate and two transition
states. As the curve corresponding to the Meisenheimer inter-
mediate is destabilized, its diabatic curve rises above the
starting material and product curves. Correspondingly, the rate
of elimination increases, resulting in a concerted mechanism
with a single transition state. When the Meisenheimer curve is
moderately stable, it barely touches the minimum energy path,
and a “borderline” mechanism results. Thus, the stepwise and
concerted mechanisms can be considered as the extremes of
a mechanistic continuum, connected by the “borderline”
region.

Crucially, the borderline SxAr mechanism does not repre-
sent a competition between stepwise and concerted reactions
with similar rate constants. Rather, it is a reaction path that
shares features of the stepwise and concerted mechanisms. In
the borderline mechanism, the Meisenheimer region is stable
enough to influence the minimum energy path as an energetic
shoulder,® but not stable enough to create a true intermediate.
When the energy is plotted as a function of the forming and
breaking bond lengths, this shoulder appears as a shallow
trough. Accordingly, reactive trajectories may linger there for

10020 | Chem. Sci, 2025, 16, 10019-10029

several bond vibrations before proceeding to product. There-
fore, borderline reactions can be considered to be formally
concerted on the potential energy surface, but stepwise on the
free energy surface.

Although Marcus theory readily predicts the influence of
electrophile structure on mechanism, the effect of nucleophile
structure is less clear. Furthermore, many mechanistic studies
have only considered anionic nucleophiles, despite the fact that
many SyAr reactions are carried out with protonated nucleo-
philes. The prior studies of protic amine nucleophiles that do
exist have largely examined highly activated arenes and found
stepwise mechanisms with rate-limiting addition,' elimina-
tion,**** and proton transfer*?* with different modes of acid
and base catalysis. In the specific case of SyAr with indoles, the
only studies reported have focused on highly electrophilic
species.>*!

It is difficult to predict whether protic nucleophiles favour
the stepwise or concerted mechanism. One possibility is that
the increased positive charge on the nucleophile reduces the
charge transferred to the arene in the addition step, increasing
the stability of the Meisenheimer intermediate, and thus
favouring the stepwise regime. However, this picture either
requires a zwitterionic intermediate or partial deprotonation of
the nucleophile in a general-base-catalysed addition step.
General base catalysis is known to occur in both the addition®
and deprotonation®® steps in SyAr mechanisms with highly
activated electrophiles. However, the effect of the proton on the
stability of the Meisenheimer intermediate could not be eluci-
dated under these conditions, because the highly activated
electrophiles used already strongly favour the stepwise pathway.
Alternatively, protic species, being inherently weak nucleo-
philes, might simply prefer to react in anionic form via specific

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Prototypical SyAr reaction between indoles and aryl fluo-
rides, examined in this study and shown to proceed through
a borderline mechanism that is subject to general base catalysis.

base catalysis. Subsequently, the conjugate acid might then
decrease the elimination barrier through hydrogen bonding,
thus favouring a concerted mechanism.***

In this study, we elucidate the effect of the proton on the
mechanism of SyAr reactions between aryl fluorides and indole
nucleophiles. We show that this reaction proceeds with general
base catalysis, and that the mechanism is neither stepwise nor
concerted, but actually borderline (Scheme 2). DFT studies of
related azole nucleophiles predict that borderline mechanisms
are commonplace and confirm the Marcus picture of a mecha-
nistic continuum in which the transition state geometries vary
continuously across all three mechanisms. Because these tran-
sition structures can be viewed as linear interpolations, various
reaction parameters exhibit straightforward correlations with
ground state properties. This phenomenon provides a conve-
nient basis for the future development of a general model for
SNAr reactivity.

Absolute rates do not distinguish between mechanisms

A Kkinetic analysis of the K;PO,-promoted reaction between
indole and 4-fluorobenzonitrile was carried out using initial
rates. The reaction was studied using DMA, a polar aprotic
solvent, due to the elevated temperatures and relative insolu-
bility of the base.i At low concentrations, the process is first-
order in both the aryl fluoride and indole. At higher concen-
trations, the rate plateaus, presumably due to due to rate-
limiting phase transfer of the base in this heterogeneous reac-
tion (Fig. 1). While the pK, of K;PO, in DMA is unknown,
phosphate anion is likely the only sufficiently basic species in
the reaction mixture, as experiments with K,HPO, result in no
reaction.

While these data show that single equivalents of the aryl
fluoride and indole are both present in the rate-limiting tran-
sition state, they cannot distinguish between concerted,
borderline, or stepwise processes. This limitation becomes clear
when the corresponding rate laws for the potential mechanisms
are examined, considering both general and specific base
catalysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Plots of initial rates vs. initial concentrations of starting mate-
rials, indicating that both starting materials affect reaction rate at low
concentrations. (a) A plot of kops as [ArFlg is varied (0.5-0.025 M,
[indolelp = 0.25 M). (b) A plot of keps as lindolelg is varied (0.175-
0.01 M, [ArF]g = 0.25 M).

If SyAr occurs in a single elementary step, the rate will
depend on the concentrations of both the indole and the aryl
fluoride (Scheme 3a). Because the concerted and borderline
mechanisms both involve high-barrier addition and low-barrier
elimination, they are kinetically indistinguishable. If general
base catalysis is involved, the rate law will be first-order in base:

Rate = kops[ArF][indole][K3PO4] (1)
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Scheme 3 Mechanisms for
borderline and stepwise SNAr.
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where the macroscopic rate constant k.ps is identical to the
single microscopic rate constant k;, and the rate is dependent
on both starting materials (ArF = aryl fluoride).

Stepwise addition-elimination results in the same rate law,
although the microscopic composition of the macroscopic rate
constant becomes more complex. Applying the steady-state
approximation to the general-base-catalysed scenario (Scheme
3b) gives:

kae]im

kO S = g 7
> (k2 + ketim)

(2)
If kelim => k_,, addition is slow relative to elimination, and ks
= k,. Conversely, if k_, >> keim, addition occurs in a fast pre-
equilibrium step and kops = kykeiim/k_». Because the micro-
scopic composition of ks is unobservable, these mechanistic
scenarios are indistinguishable by absolute rates.§

However, if addition becomes so fast that it is essentially
instantaneous, then elimination can no longer consume the
intermediate quickly enough for the steady state approximation
to hold. In this case, most of the reaction time course will be
dominated by zero-order decay of the intermediate. While such
behaviour would unambiguously implicate a stepwise process,
this possibility is clearly ruled out by our data, which show that
the rate does depend on starting material concentration when
phase transfer is not rate-limiting.

The expected kinetic behaviour is analogous for specific-
base-catalysed reactions. However, the rate law now depends
on the pK, of the base rather than its concentration:

Rate = k,ps[ArF][indole] (3)

Once again, the various mechanistic scenarios are indistin-
guishable (Scheme 4). For a concerted or borderline reaction,
kobs = kska/k,. In the stepwise mechanism:

k3k5kelim

ko s = 7. /.. 1 1L
o ka(k—S + kelim)

(4)

Thus, the absolute rates analysis shown in Fig. 1 is
compatible with any of these mechanistic possibilities.
Furthermore, it cannot determine the mode of base catalysis.

Moderate negative charge buildup

Relative rates offer a different approach for distinguishing the
possible mechanisms. In particular, the modularity of the aryl
fluoride and indole starting materials allowed us to conduct
Brgnsted and Hammett linear free energy relationship (LFER)
studies. When substituents on the aryl fluoride were varied, we
found that the reaction was moderately accelerated by electron-
withdrawing substituents (Fig. 2).

When ¢ is used for all substituents, the resulting Hammett
correlation is relatively scattered (Fig. 2a). An alternative
approach to analysing the data uses ¢ for less electron-
withdrawing substituents (—4-CF; and —4-COMe) and ¢~ for
the more electron-withdrawing substituents (—4-CN and —4-
NO,). The intervening substituents have nearly identical ¢ and
o~ values. The resulting correlations are linear and give

10022 | Chem. Sci., 2025, 16, 10019-10029
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moderate p values of 1.24(9) and 1.58(7) with indole and 5-
cyanoindole as the nucleophile, respectively (Fig. 2b). Impor-
tantly, these p values are much smaller than those that are ex-
pected for SyAr reactions proceeding through a Meisenheimer
intermediate (p = 7-8)***” and are more consistent with those
observed in concerted reactions.***

The observation that less electron-withdrawing substituents
are best described by ¢ (as opposed to ¢~ ) may reflect a differ-
ence in charge delocalization in the transition states. Stepwise-
like reactions place more delocalized negative charge in the
transition state. Therefore, ¢~ parameters, which have been
determined in model systems involving significant resonance,*
better represent substituent effects in such cases. In contrast,
concerted-like mechanisms localize charge at the ipso position,
and thus the substituent effects are better represented by o.
Correspondingly, one interpretation is that this plot is consis-
tent with a changing transition state over the series of substit-
uents, from a stepwise-like transition state to a concerted-like
one.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) LFER analysis varying the aryl fluoride, correlated with oy .
(b) A different analysis of the same data, using gy for —4-CFs and —4-
COMe. In both plots, ¢ values were used for substituents with either no
o~ value or a nearly identical ¢~ value. Indole (Y = H) and 5-cya-
noindole (Y = CN) were used as the nucleophiles.

Using 4-fluorobenzonitrile as the electrophile, we also
examined the effects of the indole electronics and observed a p
value of 1.06(12) using o, (Fig. 3a). This also indicates negative
charge buildup on the indole nitrogen in the rate-limiting
transition state. This diminished sensitivity compared to that
observed on the arene could be due to the increased distance
between the substituent and the indole nitrogen.

An alternative analysis treats these indole electronic effects
as a pseudo-Bregnsted*> correlation between ks and the pkK, of
the indole.”® This view provides additional insight into the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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indicating a moderate degree of negative charge on the indole in the
rate-limiting transition state. (b) A pseudo-Brensted analysis of the
same data, showing partial deprotonation of the indole in the rate-
limiting transition state.

degree of proton transfer between the nucleophile and base in
the transition state (Fig. 3b). For a reaction with complete
deprotonation in the rate-limiting transition state, the pK,
differences in the nucleophiles should be fully reflected in the
reaction rate and thus the slope of the plot would be —1.]|
Similarly, rate-limiting transition states with no proton transfer
at all would result in a slope of 0. In this reaction, the slope of
the pseudo-Brgnsted plot is —0.38(4), which is consistent with
partial deprotonation of the indole in the transition state in
a general-base-catalysed mechanism.

Chem. Sci., 2025, 16, 10019-10029 | 10023
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General base catalysis is operative

While these LFER data indicate a modest degree of negative
charge buildup in the transition state that is inconsistent with
a stepwise mechanism, further experiments were needed to
distinguish between the concerted or borderline mechanisms.
Thus, we sought additional evidence in the form of a *C/**C
kinetic isotope effect (KIE) at the ipso carbon because this
measurement is sensitive to both the forming and breaking
bond lengths. Since DFT calculations have been shown to
reproduce both ab initio benchmarks and experimental KIEs in
other SyAr reactions, the experimental KIEs can be directly
compared to those predicted across the mechanistic
continuum.

We measured a KIE of 1.035(4) via nuclear magnetic reso-
nance (NMR) at natural abundance for the reaction between
indole and 4-fluorobenzonitrile.**** In contrast, the predicted
KIE is much larger at 1.047 for a concerted mechanism
involving indole anion as a nucleophile (Fig. 4a). Similarly large
KIEs were obtained when modelling a specific base mechanism,
and were unaffected by the presence or absence of a counterion.

We also considered the general-base-catalysed mechanism,
but were unable to locate one using phosphate as the base.
However, DFT does predict both general- and specific-base
mechanisms (Fig. 4b and c) for weaker bases (DFT pK, < 13)**
such as dihydrogenphosphate (DFT pK, = 3.4), chloride (DFT
pK, = —3.6), tetrazole (DFT pK, = 4.6), and cyanide (DFT pKk, =
12.8). While the specific-base-catalysed transition states are
similar in structure to the anionic transition state, the general-
base catalysed transition states are later, with more advanced
C-N bond formation. Accordingly, the predicted KIEs are
reduced.

Remarkably, the predicted geometries and KIEs are largely
independent of base structure and primarily depend on
whether the general base or specific base mechanism is oper-
ative (Fig. 5). Each mode of base catalysis exhibits a character-
istic KIE prediction: specific base transition states give
predicted KIEs of 1.05, whereas general base transition states
give predicted KIEs of 1.03, which is consistent with our
experimental value.

Despite the very different geometries and charge distribu-
tions of the two base-catalysed transition states, they are
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predicted to have very similar energies. This prediction is
implausible and highlights the limitations of implicitly solvated
DFT calculations. Nonetheless, the insensitivity of the KIEs to
base structure, coupled with the consistency between the pre-
dicted and experimental KIEs, allows us to reasonably conclude
that general base catalysis is operative in this SyAr reaction.

Partial deprotonation results in a borderline mechanism

This KIE analysis also reveals the influence of the proton on the
mechanism. When the KIEs for the anionic reaction are plotted
as a function of geometry, the concerted regime is seen to give
the largest KIEs (Fig. 6). The transition states for the anionic
(TSanionic) @and specific base (TSgg) reactions lie on the verge of
the concerted, high KIE region. In contrast, the general base
transition state (TSgg) is shifted later along the addition coor-
dinate, and out of the high KIE region.

This shift of TSgp lands it squarely in the “Meisenheimer
region,” which encompasses structures with advanced C-N
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Fig.4 Predicted transition structures for the SyAr reaction between indole and 4-fluorobenzonitrile. (a) Anionic transition state (TSanionic) With no
base. (b) Specific base transition state (TSsg) with dihydrogenphosphate (H,PO,~) base. (c) General base transition state (TSgg) with dihy-
drogenphosphate (H,PO,4 ") base. All calculations carried out at B3LYP-D3(BJ)/6-31+g*/CPCM(DMF).
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Fig. 6 DFT-predicted KIEs for the anionic reaction as a function of
geometry. The predicted geometries for the anionic transition state,
TSsg, and TSgp are marked, showing that TSgg lies outside of the high
KIE regime. Calculations carried out at B3LYP-D3(BJ)/6-31+g*/
CPCM(DMF).

bond formation and little C-F bond cleavage. In contrast,
TSanionic and TSgg lie earlier on the addition coordinate. The
potential energy surface for the anionic reaction (Fig. 7) further
shows that only a single transition state is expected along the
addition coordinate, with no subsequent intermediate or
elimination transition states being predicted.
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Fig. 7 Calculated potential energy surface for the anionic reaction,
showing a borderline mechanism. The predicted geometries for the
anionic transition state, TSsg, and TSgB are marked. Calculations
carried out at B3LYP-D3(BJ)/6-31+g*/CPCM(DMF).
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Given the structural similarities between TSgg and a hypo-
thetical Meisenheimer intermediate, we might expect that TSgg
should bear significant negative charge on the arene. However,
because a proton is now present, coordinates beyond the
forming C-N and breaking C-F bond distances must be
considered. While one might also consider a deprotonation
coordinate, multi-dimensional representations are challenging
to interpret.

Instead, we chose to conduct a Hirsheld population anal-
ysis*® of the Meisenheimer intermediate and different transition
structures (Table 1). At one extreme, the highly nucleophilic
indole anion generates an early transition state. Correspond-
ingly, there is only a minor degree of negative charge buildup on
the arene (entry 2). Interestingly, the late structure TSgp expe-
riences a similarly small degree of negative charge buildup
(entry 3) because some of the charge is absorbed by the proton.
This diminished degree of negative charge in TSgg is also
consistent with the modest p values observed in the LFER
experiments. At the other extreme, TSgp (entry 4), which does
not have a proton available, has a degree of charge buildup
more comparable to that of the Meisenheimer intermediate
(entry 5), despite falling earlier on the addition coordinate
relative to TSgg.

Thus, although a concerted mechanism might be expected
for this reaction based solely on the structure of the electro-
phile, the presence of the proton sufficiently stabilizes the
Meisenheimer region to create a borderline mechanism. Still,
the stabilization is insufficient to render the reaction fully
stepwise.”” Importantly, the poor leaving group ability of fluo-
ride anion is the key factor that allows for observation of this
mechanistic transition from concerted to borderline. For start-
ing materials bearing better leaving groups, the reaction would
almost certainly remain in the concerted regime.

Further, the stabilization conferred by general base catalysis
is likely what allows this reaction to occur at all and is reflected
in the smaller p value observed in the Hammett plot. General
base catalysis decreases the negative charge transferred to the
arene and makes strongly electron-withdrawing substituents
unnecessary. Consequently, p decreases and the reaction scope
becomes more general.*®

Visualizing the mechanistic continuum

We were interested to learn how the insights we gained into this
SNAT reaction with indole would relate to a broader range of
azole nucleophiles and aryl fluoride electrophiles. To study this,
we calculated the potential energy surfaces for 72 reactions
spanning a range of azole nucleophiles and aryl fluoride elec-
trophiles. Across this set of reactions, we observe a smooth
transition from stepwise to concerted mechanisms, through the
borderline regime. A subset of these calculations is shared here
(Fig. 8a), and the full set is shared in the ESL}

As electrophilicity decreases across the grid from left to right,
the Meisenheimer region (short C-N and C-F distances, bottom
left corner) becomes progressively less stable and the addition
transition state shifts earlier. For stepwise reactions with very
reactive electrophiles, the local minimum corresponding to the
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Table 1 Hirshfeld population analysis of arene charges”

Entry Structure Arene charge® C-F (A) C-N (A) Base-H (A) KIE®
1 4-Fluorobenzonitrile —0.171 n/a n/a n/a n/a

2 Anionic TS? —0.317 1.39 2.00 n/a 1.047
3 General base TS® —0.340 1.51 1.62 1.62 1.031
4 Specific base TS® ) —0.379 1.41 1.89 1.06 1.052
5 Meisenheimer intermediate®’ —0.429 1.40 1.40 1.00 n/a

“ Calculations carried out at B3LYP-D3(BJ)/6-31+g*/CPCM(DMF). ” Sum of charges at the positions ortho and para to the leaving group. © DFT-
predicted KIE. ¢ TS for the reaction between indole anion and 4-fluorobenzonitrile. * Calculated using tetrazole anion as the base. f Optimised

structure constraining C-N and C-F at 1.4 A.

Meisenheimer intermediate can be observed, flanked by
discrete addition and elimination transition states. Concerted
reactions, on the right side of the grid, show a minimum energy
path involving only a single transition state, and the Mei-
senheimer region is very unstable. In between, the minimum
energy path for borderline reactions proceeds through the
Meisenheimer region, with a gradual decrease in energy from
the transition state to the products. Remarkably, the electro-
phile solely determines whether the mechanism is predicted to
be stepwise, borderline, or concerted, as seen when considering
any individual column in the grid of potential energy surfaces.
Changes in nucleophilicity simply shift the location of the
transition state along the addition coordinate.

Across the mechanistic continuum for this reaction, the
transition structures are similar and vary smoothly (Fig. 8b). In
the inset plot for Fig. 8b, the locations of the DFT-predicted

a. Grid of DFT-predicted potential energy surfaces
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transition structures for each reaction in Fig. 8a are plotted
on the same addition-elimination coordinate. All of the tran-
sition structures are located along the addition arm of the
reaction coordinate, with some variation in C-N distance but
very little in C-F distance. Thus, regardless of whether the
mechanism is stepwise, borderline, or concerted, the rate-
limiting step involves predominantly addition and essentially
no elimination. The mechanisms are instead distinguished only
by the relative energies of the addition, elimination, and Mei-
senheimer structural regimes. The smooth changes in transi-
tion state geometry are also predicted by Marcus theory and are
consistent with the gradually changing charge character as
observed in the Hammett plot described above. In contrast,
many reactions that can proceed through competing mecha-
nisms  exhibit clear delineations between  those
mechanisms.*"

b. Location of DFT-predicted transition structures on addition-
elimination coordinate
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(bottom). The colour scale represents the relative energy for each individual potential energy surface. The complete set of 72 reactions can be
found in the ESL.} (b) Transition structure geometries for all 72 SyAr reactions. Inset plot: locations of transition states plotted on the same
addition—elimination coordinate, showing clustering around the addition arm. The same points are shown in the larger plot, which has been
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This theoretical prediction is also mirrored by literature
measurements of Eyring parameters for SyAr reactions. When
these values are aggregated, we see that the entropies of acti-
vation do not neatly separate into negative and positive groups
for associative and dissociative rate-limiting steps, respec-
tively.** Rather, there is significant enthalpy-entropy compen-
sation and the entropy values vary smoothly from —60 e.u. to
+60 e.u. across a wide range of substrates that likely span
a mechanistic range from stepwise to concerted. This experi-
mental observation is consistent with our DFT prediction that
the SyAr transition structures located in our computational grid
also vary smoothly in geometry, irrespective of mechanism. We
measured the entropy of activation for the indole/4-
fluorobenzonitrile reaction and obtained AS{ = —44(1) e.u.,
consistent with a highly organized rate-determining transition
structure. It also falls within the previously reported range for
SNAr. In the context of SyAr, this finding could be consistent
with the associative step in any of the stepwise, borderline, or
concerted regimes, but is inconsistent with rate-determining
elimination in a stepwise mechanism.

Color-coding the transition states according to electrophile
reveals sets of linear correlations between the C-N and C-F
distances within homologous series of electrophiles (Fig. 8b).
This suggests that the ensemble of DFT-predicted potential
energy surfaces has a simple structure that lends itself to
straightforward modelling. A linear regression analysis of the
constituent transition state geometries shows that both the
C- N and C-F distances can be linearly correlated with the pK,
of the nucleophile, the ¢ value of the electrophile substituent,
and an intercept. That is, these distances can be predicted with
high accuracy based only on these two ground-state parameters.
Similarly, the energies of the Meisenheimer complexes and
transition states can be modelled using the same parameters.

Given the importance of SyAr as a method for functionaliz-
ing aromatic rings, there has been considerable interest in
general methods for estimating the feasibility of unknown
substitutions. An appealing strategy for prediction of SyAr
feasibility thus far has been to generate machine learning
surrogates for DFT surfaces,* > and the simple structures of the
DFT surfaces generated here do lend themselves to this
approach. However, future work in this area will need to
account for the possibility of competing modes of base catal-
ysis, given that DFT cannot accurately estimate the relative
energies of these pathways. Failure to account for general base
catalysis could lead to erroneous predictions of some SyAr
reactions as infeasible, when in fact the general base pathway
would enable the reaction due to the stabilization and gener-
ality conferred by partial deprotonation. Future experimental
studies across a broader range of chemical space will be
required before a general model of SyAr reactivity can be
constructed.

Conclusions

We have demonstrated here that SyAr reactions between
indoles and aryl fluorides proceed through a general-base cat-
alysed borderline mechanism and that these reactions broadly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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appear to lie on a mechanistic continuum. The Meisenheimer
region is stabilized by partial deprotonation of the nucleophile,
but not to a degree that allows for a stepwise process. As a result,
elimination is fast, and the rate-determining step involves
primarily addition. Our conclusions are supported by LFER
studies, which find moderate degrees of negative charge on
both the electrophile and nucleophile, and are reinforced by
DFT predictions. A computational survey of 72 SyAr reactions
further reveals the mechanistic continuum, as transition
structure geometries change smoothly between the stepwise
and concerted extremes. The changing charge delocalization
observed in the experimentally obtained LFER plot further
corroborates the existence of this mechanistic continuum. It
remains to be seen whether the existence of general-base
catalysis is widespread, and whether the mechanistic
continuum observed here translates to a broader scope of
nucleophiles and electrophiles.
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Notes and references

1 The reaction can also be carried out in DMF and DMSO.

§ General base catalysis likely also would proceed through a mechanism involving
pre-association of the base and the indole, and not through a termolecular
elementary step. However, this microscopic pre-association step would also only
lead to a change in the composition of kps, and is therefore also indistinguishable
from the other scenarios.

9 We chose to use ¢ as a reference, recognizing that resonance delocalization
might play an important role. Using Hammett ¢ as a reference gave a scattered
correlation (see ESI section II-ET).
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nucleophile rather than the pK, of the base. This results in a slope of —1 for
a mechanism involving full deprotonation; if the rate were correlated with the pK,
of the base, the maximum slope would be 1.

** These pK, values are DFT-predicted and linearly scaled according to the
experimental pK, values in DMSO (see ESI section IV-Ct).
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