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ABSTRACT: Quantification is essential to fairly compare
between synthetic reactions in chemistry. Here we propose two
new parameters called “adapted sensitivity constant” (ρadap) and
“substrate electronics adaptability” (SEA), easily obtainable from
Hammett plots, to assess the ability of a (catalytic) reaction to
transform substrates with opposing electronics. These new
parameters allow one to list reactions, catalyzed or not, as a
function of substrate scope.
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■ INTRODUCTION
Parametrization of chemical reactivity is paramount for the
advance of modern synthetic chemistry,1,2 and the reactivity of
a molecule is mainly controlled by the electron density of its
functional groups. Figure 1A shows that the electronics−
reactivity relationship in a given molecule is showcased by the
Hammett equation, a free-energy relationship where the
equilibrium constants or initial rates, relative to a reference
substituent (usually the H atom), are correlated to the electron
density of the reacting group, represented by σ values.3 These
σ values were calculated with a model reaction, i.e., benzoate
hydrolysis, using substituents in the aromatic ring with
different electron-donating or -withdrawing properties.4 The
corresponding Hammett plot is more often represented with
the log(k/k0), since initial rates provide information about
electronic effects on the transition state (mechanistic
information) compared to those based on equilibrium data
(relative electronic effect on starting material and product).
Besides, kinetic constants are easier to calculate experimentally
than equilibrium constants. In any case, the values typically
adjust to a straight line with a negative, neutral, or positive
value of the slope, called sensitivity or, simply, reaction
constant ρ. The sign of the constant ρ depends on the building
of negative (ρ > 1) or positive charge (ρ < 0) in the transition
state. However, an inflection of the line occurs in some cases,
to give a convex (V-shaped) or concave (Λ-shaped) Hammett
plot. The origin of the convex (V-shaped) Hammett plot
comes from the occurrence of different processes concom-
itantly, but the extent to which they occur varies depending on
the corresponding reaction rates, the presence of a catalyst or
not, and the electronics of the substrate.5 In contrast, concave
downward Hammett plots represent a maximum value in the

electronics for a single reaction. In other words, while convex
Hammett plots can be modified to widen the substrate scope,
concave Hammett plots cannot.
Figure 1B shows a representative example of a convex

Hammett plot reaction, i.e., the nucleophilic substitution
reaction of benzyl derivatives.6−8 Here, the transition state is
composed by either benzylic carbocations stabilized by
electron donor groups (EDGs) or poorly charged benzylic
derivatives activated by electron-withdrawing groups (EWG),
to which the nucleophile is finally added by a substitution
reaction. This convex Hammett plot does not come from the
action of any catalyst and is thus inherent to the substrates in
play and unmodifiable. However, the use of a catalyst for other
reactions can modify the reaction mechanism or boost one of
the reactions in operando, thus transforming the regime from
linear to nonlinear, provided that the mechanism of the
reaction is controlled by the substrate−catalyst interaction. In
other words, the choice of a proper catalyst can generate a
convex Hammett plot, thus significantly expanding the
substrate scope of the reaction.
It is difficult to find in the literature catalysts able to produce

convex Hammett plots, and to our knowledge, only two
catalytic systems have been reported in the last years.4 The first
one consists of Mn(V) complexes to catalyze hydride9 and
oxygen atom10 transfer reactions, and the other makes use of
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Ru with differently substituted phenol ligands to catalyze the
hydrogenolysis of ketones.11 The latter incidentally describes
but does not claim to parametrize the effect proposed here, i.e.,
the use of different catalysts to modulate the Hammett plot
from linear to V-shaped, and shows that the V-shaped effect
also occurs when the phenol compound is used as a reactant
during the Ru-catalyzed coupling reaction with aldehydes.12

Figure 1B also shows our proposal here, which consists of
catalysts able to generate V-shaped Hammett plots by changing
the reaction mechanism, after interacting with substrates of
opposed electronics. For instance, it is known13,14 that the
hydrogenation reaction proceeds either by populating the 1σ*
antibonding orbital of the H−H bond with electron density
coming from electron-rich substrate−catalyst intermediates or,
on the contrary, by extracting electron density from the 1σ
bonding orbital of the same adduct with electron-withdrawing
substrates, provided that the catalyst can manifold both
mechanisms. Although the activation of diatomic molecules
in these two ways is well-known,15 particularly with H2, the
concomitant occurrence of both opposed mechanisms in a
single catalyst can become a strategy to achieve a wide
substrate scope after generation of a V-shaped Hammett plot.
However, to our knowledge, this approach has not been
explored yet.

■ RESULTS AND DISCUSSION
Figure 1C shows two new variables proposed here to quantify
the impact of a mechanistic change on substrate scope, easily
calculated from the V-shaped Hammett plot. We define
“adapted sensitivity constant” (ρadap) as the difference between
the slope values of the V-shaped line, and the formula can be
written as follows: ρadap(σ) = |ρ1 − ρ2|, where σ denotes the
tabulated values chosen to construct the Hammett plot (they
can be different, i.e., σ+ or σ−, and it should be indicated). The
slopes ρ1 (left, toward more EDG) and ρ2 (right, toward more
EWG) define the two lines forming the V-shaped curves, in
absolute value. The number ρadap can be easily obtained from
the V-shaped graph and gives an estimation of the substrate
scope achievable by a catalyst in terms of substrate electronics.
The higher ρadap is, the wider the scope can potentially
become.
We also propose here the parameter “substrate electronics

adaptability” (SEA), either for an uncatalyzed (SEAR) or a
catalyzed reaction (SEAC), to define how similar the
reactivities of substrates with opposing electronics are. The
parameter SEA is calculated by the formula SEA (%, ρ) =
[(ρadap/2)/|ρmax|] × 100, where ρadap is the adapted sensitivity
constant defined above and ρmax is the higher ρ value. Figure
1D depicts how this formula constitutes a simplified way to
assess the angle formed by the V-shaped curve at the corner, in
other words, how similar both mechanisms are. The higher the
ρadap and SEA values, the better the reaction scope, since SEA
= 100% corresponds to a symmetrically equal performance in
the two regimes delimited by the Hammett plot and SEA = 0%
corresponds to a linear Hammett plot (angle = 180°).
A more in-depth explanation in terms of kinetic and

energetic parameters can be found in the Supporting
Information (Figure S1). ρadap expresses the sum of the
contribution in lowering the activation energies from both
regimes delineated by the Hammett plot, compared to the
vertex of the plot using only Hammett parameters, and is
proportional to the rate of change of the activation energies
with respect to the electronic value (σ). Thus, ρadap becomes
zero when the Hammett plot is a straight line and grows larger
when sharp V-shaped Hammett plots occur. Equation 1 defines
these values:

= | | =
RTadap 1 2

Ea Ea1
1

2
2

(1)

σ1 is always negative when the vertex is σH; σ2 is always positive
when the vertex is σH; ΔEax is always positive if the reaction is
faster than with a p-H aromatic derivative (see Figure S1).
SEA expresses the ratio of the activation energy change rate

with respect to the electronic value (σ) of the two regimes
delineated by the V-shaped Hammett plot, thus indicating how
comparable both regimes are in terms of the change in
activation energies using only Hammett parameters. The
equation itself already hints at the fact that, if ρ1 ≥ 0, namely,
the slope on the EDG is positive or zero, the maximum value
of SEA is 0.5. Equation 2 defines these values (see Figure S1
for details).

Figure 1. (A) Hammett equations and Hammett plots. (B) A
representative reaction with a V-shaped Hammett plot (left) and the
catalytic hydrogenation reaction proposed in this work (right). X,
substituting functional group of the ring; LG, leaving group;
ED(W)G, electron donor (withdrawing) group; Nu, nucleophile.
(C) The new parameters proposed in this work to quantify the
adaptability of a reaction or catalyst to the substrate electronics: ρadap
and SEAR/SEAC. (D) Parameter progression from a V-shaped to a
linear Hammett plot. Arrows indicate the intensity of the increase/
decrease in the value.
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With these proposed variables, ρadap and SEA, in hand, one can
quantify, tabulate, and compare different reactions showing V-
shaped Hammett plots, catalyzed or not. For the sake of
illustration, the calculated values of ρadap and SEAC for the few
catalytic examples found in the literature (Table S1) and also
for a variety of uncatalyzed organic reactions (Table S2) have
been listed. It can be seen that ρadap ∼ 5 and SEAC = 95% can
be obtained for catalyzed reactions, competing with
uncatalyzed reactions. These high values of ρadap and SEAC
mean that a catalyst can react with a wide range of substrates
regardless of the electronics, enabling a high diversity of
products. It is worth commenting here that both parameters,
ρadap and SEA, denote slightly different effects: the former
quantifies the range of substrates to react and the abruptness of
the mechanism change, and the latter denotes the similarity
between both electronic regimes.
It could be thought that V-shaped Hammett plots are

bizarre, but they might be more general than reported.
Researchers may be tempted to discard the extreme points in
Hammett plots when they dramatically differ from linearity,
and it could very well occur that some “truncated” V-shaped
Hammett plots are present in the literature. This is more
plausible when considering that a plethora of modern catalyzed
methods show very wide scopes; thus, these catalysts could be
adaptable and give V-shaped Hammett plots. It is true that a
very active catalyst can cover the whole electronic range
without requiring an inflection in the curve,; however, a V-
shaped line better homogenizes the reactivity of substrates with
opposing electronics. The need for wide substrate scopes,
covering the diverse electronic range of organic molecules,
becomes absolutely necessary when considering that the most
influencing functional groups in biologically active molecules
are not only (tertiary) amines and ethers (strong electron
donors) but also trifluoromethyl, chloro, fluoro, and cyano
groups (strong electron-withdrawing groups).16 As a matter of
fact, some of the discrete organic molecules (not monoclonal
antibodies or biologic medical products) which rank first
among blockbuster drugs contain these electronically biased
functional groups (Figure S2).17

Two reactions are studied here as a proof-of-concept for the
new parameters. Figure 2 shows the Hammett plot for the Pd-
catalyzed semi-hydrogenation reaction of different terminal
alkynes to alkenes.18 Three different Pd catalysts were used:
the current industrial Lindlar (Pd−Pb nanoparticles supported
on CaCO3) catalyst,

19 a commercially available BASF colloidal
Pd nanoparticulated catalyst (c-Pd/TiS),20 and a house-made
catalyst composed of ultrasmall Pd clusters on CaCO3
nanoparticles [Pd−(CaCO3)n].

21,22 The latter combines the
chemical composition of the Lindlar catalyst (Pd on CaCO3
sites)23 with the nanoparticulated structure of the c-Pd/TiS
catalyst, free of Pb,24 confirmed by electron microscopy
imaging (Figures S3−S5). The points in the Hammett plots
were replicated three times in order to properly assess any
experimental error, and the catalytic amount of Pd was
adjusted for each catalyst between 0.0001 and 0.01 mol % in
order to precisely measure the initial rate for all of the

substrates under the same reaction conditions. Error bars
account for a 5% uncertainty, and the adjusting lines are traced
to cross within the points’ error bars.
On one hand, the reaction rate with the Lindlar catalyst was

always enhanced when electron-donating groups (EDG) were
present (see the individual kinetic graphs in Figure S6 and
Table S3), showing the classical linear Hammett plot, with ρ =
−1.24, whereas mildly donating and withdrawing groups did
not much affect the reaction rate, in agreement with previous
studies.25 On the other hand, c-Pd/TiS (Figure S7) and Pd−
(CaCO3)n (Figure S8) clearly show a V-shaped Hammett plot.
The ρadap and SEAC values calculated for commercial c-Pd/
TiS are 6.07 and 98%, respectively, while Pd−(CaCO3)n shows
ρadap = 8.58 and SEAC = 80%, with the vertexes (least reactive
substrates) being 4-ethynylanisole (σ = −0.27) and phenyl-
acetylene (σ = 0), respectively. Comparison of the
corresponding reaction rates (Table S3) shows that higher
rates are obtained for Pd−(CaCO3)n. Thus, it can be
concluded that Pd−(CaCO3)n is a more efficient catalyst, in
both reaction rate and substrate scope. It is worth noting that
both the c-Pd/TiS and Pd−(CaCO3)n catalysts show a similar
slope for electron-donating groups (−3.09 vs −3.2), which
should in principle just be a coincidence but may give some
information about the catalytic mechanism, to have in mind for
future studies.
It is accepted for the Lindlar catalyst that Pd atoms activate

the alkyne and dissociate H2 while the surrounding CaCO3
tunes the Pd electronics and co-adsorbs the slightly acidic
terminal alkyne and that Pb acts as an alloying agent to avoid
excessive Pd agglomeration and subsequent subsurface hydride
formation.26 In this way, the transfer of substrate electronics to
the whole catalytic nanoparticle is minimized.27 However, the
Pd nanoparticles in c-Pd/TiS also show an excellent catalytic
activity for the semi-hydrogenation of alkynes,7 which supports
that having small Pd agglomerations is not necessarily
detrimental for Pd action.24 Thus, an electronic transfer

Figure 2. Hammett plots for the hydrogenation of substituted
aromatic alkynes catalyzed with Pd−(CaCO3)n (red), c-Pd/TiS
(green), and Lindlar catalyst (orange). The catalytic Pd amount was
adjusted for each catalyst in order to precisely measure the initial rate
for any substrate. Experiments were made by triplicate. Error bars
account for a 5% uncertainty.
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between substrates, H2, and catalyst may occur, which is the
possible reason for the change in mechanism and the V-shaped
Hammett plot. Following this rationale, an even better
substrate electronics transfer should occur in a smaller
nanoparticle, moreover with neighboring CaCO3 around to
fix the alkyne, and this is indeed what is observed for Pd−
(CaCO3)n.

24

Figure 3 shows the Hammett plot obtained for the Ag-
catalyzed oxidative coupling of different para-substituted

styrenes with sodium benzenesulfone, under reported con-
ditions (Figure S9 for individual kinetics).28 A V-shaped
Hammett plot with ρadap = 5.18 and SEAC = 96% can be seen,
which in principle is not related to any metal nanoparticle but
to a discrete Ag salt. However, in situ UV−vis emission
fluorescence measurements of the reaction mixture show the
appearance at the beginning of the reaction of Ag2 dimers,
according to the jellium model (Figure S10),29 and a kinetic
study with different concentrations of AgNO3 reveals that the
initial reaction rate (k0) is exponentially dependent with [Ag],
more precisely following a linear dependence with [Ag]2
(Figure S11). UV−vis absorption measurements of the
reaction mixture do not show the presence of plasmonic Ag
nanoparticles during reaction (Figure S12), and the use of Ag
nanoparticles as a catalyst for the coupling reaction with
styrene, supported on alumina and whose size is confirmed by
UV−visible diffuse reflectance spectrophotometry (Figure
S13), does not show any reaction product. These results
strongly point to the in situ formation of Ag2 dimers during
reaction, which could be the true catalysts of the reaction and
shuttle the styrene electronics for sulfone activation. Metal
clusters can transport electrons from one discrete metal atom
to another even better than nanoparticles, due to tighter bonds
and smaller particle size.30 In this way, the catalyst can adapt to
the different electronic density of the styrene, thus enabling an
efficient formation of the radical intermediate regardless of the
initial styrene derivative employed.28

■ CONCLUSIONS
We propose here two new parameters, the “adapted sensitivity
constant” (ρadap) and the “substrate electronics adaptability”
(SEA), to quantify the potential substrate scope of a catalyst or
a reaction. The new parameters are easily obtainable from the
Hammett plot: ρadap indicates the ability of the catalyst or
reaction to transform substrates with different electronics,
while SEA indicates how similar the reactivities of the
substrates are after the mechanism change. We have also
shown here two examples currently being explored in our
laboratories, i.e., the Pd-catalyzed semi-hydrogenation reaction
of aromatic alkynes and the Ag-catalyzed oxidative coupling of
styrenes to aryl sulfones, in which metal clusters seem to be the
catalytic species able to produce the better values of ρadap and
SEAC, thus a better reaction adaptability to the substrate
electronics. Notice that, as far as we know, the concept of
catalyst adaptability has traditionally been assigned either to
the inherent electronics or to steric factors of the catalyst/
ligands31−38 but not to substrate electronics.39,40 Although the
better electronic adaptability of soft metal clusters makes
chemical sense, of course much more reaction examples have
to be studied before having sound conclusions about which
catalysts may promote wide scopes. However, this proposal
constitutes, in our opinion, a first step toward an easy
quantification and comparison of (catalyzed) reactions as a
function of substrate electronics adaptability. While it is true
that an adaptable catalyst is less selective by definition, many
reaction studies require a high level of reactivity and not
selectivity, for instance, high-throughput molecular screenings.
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