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Hungary

† Electronic supplementary informatio
conditions, characterization and NMR
a supplementary XLSX (MS Excel) le,
atomic coordinates of substrates and C
deposition numbers are 2044698–204470
45, respectively. For ESI and crystallogr
format see DOI: 10.1039/d1sc00642h

Cite this: Chem. Sci., 2021, 12, 5152

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 2nd February 2021
Accepted 20th February 2021

DOI: 10.1039/d1sc00642h

rsc.li/chemical-science

5152 | Chem. Sci., 2021, 12, 5152–5163
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Attila Bényei, c Bálint Szathury,d Zoltán Novák *a and András Stirling *be

The success of transition metal-catalysed ortho-directed C–H activation is often plagued by the effects of

undesirable interactions between the directing group (DG) and other groups introduced into the aromatic

core of the substrate. In particular, when these groups are in neighbouring positions, their interactions can

affect profoundly the efficacy of the C–H activation by transition metals. In this work we introduce a simple

substrate-only-basedmodel to interpret the influence of steric hindrance of a group in ortho position to the

DG in directed ortho-C–H bond activation reactions, and coined the term Ortho Effect (OE) for such

situations. We consider simple descriptors such as torsion angle and torsional energy to predict and

explain the reactivity of a given substrate in directed C–H activation reactions. More than 250 examples

have been invoked for the model, and the nature of the ortho effect was demonstrated on a wide variety

of structures. In order to guide organic chemists, we set structural and energetic criteria to evaluate

a priori the efficiency of the metalation step which is usually the rate-determining event in C–H

activations, i.e. we provide a simple and general protocol to estimate the reactivity of a potential

substrate in C–H activation. For borderline cases these criteria help set the minimum reaction

temperature to obtain reasonable reaction rates. As an example for the practical applicability of the

model, we performed synthetic validations via palladium-catalysed 2,2,2-trifluoroethylation reactions in

our lab. Furthermore, we give predictions for the necessary reaction conditions for several selected DGs.
Introduction

C–H activation reactions became one of the most important
transformations in modern synthetic organic chemistry,
which enable the cleavage of the inert aromatic C–H bond and
its direct substitution with different carbon-containing func-
tional groups such as the alkynyl, aryl, alkenyl, alkyl or acyl
group with the aid of catalytic amounts of transition metals
such as Pd, Rh, Ru, Co, Ir, Ni, Mn, and Cu.1 In aromatic
compounds, there are many hydrogen atoms in similar
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n (ESI) available: General reaction
spectra, full interactive database as
zip compressed XYZ les containing
IF les for XRD coordinates. CCDC
3 for 4-Pd, 8-Pd, 9-Pd, 11-Pd, 44, and
aphic data in CIF or other electronic
chemical environments, which can raise problems of regio-
selectivity. However, the presence of a directing group (DG) in
the aromatic core allows selective metalation in the ortho,meta
or even in para positions.2–4 The efficacy of these processes
critically depends on the C–H bond breaking and the forma-
tion of the metalated complex containing a carbon–metal
bond, which is in many cases the rate limiting step of the
catalytic cycle. This step could take place through various
mechanistic scenarios such as electrophilic palladation,
oxidative addition or CMD/AMLA mode,5 resulting in cyclo-
metalated complexes. The electronic and steric properties of
the substrates have a strong inuence on the C–H activation
step, on the stability of the metallacycle intermediates and on
the synthetic outcome of the overall transformation. The
benecial electronic and steric properties could result in effi-
cient functionalisations under mild reaction conditions, but
oen structural variations can prevent the C–H activation even
under more forced reaction conditions. As an electrophilic
metalation mechanism, the electronic effects on C–H activa-
tion reactions are well-understood.6 However, the more
complex and less foreseeable effects of steric conicts have
remained oen elusive without a general, thorough explana-
tion. There is a very frequent situation in ortho C–H activation,
when the substituent is located in the aromatic core at one of
the ortho positions compared to the DG. For this particular
situation we coin the term Ortho Effect (OE) referring to the
steric inuence of this group in ortho position to the DG on the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The substrate-dependent OE in Pd catalysed C–H activation.
(A) General representation of OE. (B) Demonstration of OE with
anilides.
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metalation of C–H bond in the other ortho position of the
aromatic substrate (Fig. 1A). As an example, the signicant
difference between the reactivity of acetanilide and 2-methyl-
N-methylacetanilide provides a clear example for OE. While
acetanilide can be functionalized in the ortho positions in
various C–H activation reactions even under mild conditions,
the functionalisation of 2-methyl-N-methylacetanilide
remained unprecedented (Fig. 1B), which can be attributed to
steric effects (additional examples representing situations
between the two extremes are presented in the ESI†).7–17

Generally, the steric interactions can be very complex. Small
variations in their pattern can oen lead to considerable
changes in reactivities, hence their effects are difficult to
predict.18 OE is easy to understand intuitively, but to the best of
our knowledge, so far, no attempt has been made to identify,
dene and quantify its extent. On the other hand, a large body
of empirical experience is available in a number of publications
where the role of OE can be presumed.7–17 In view of this we
raise the following questions:

Can a suitable, qualitative model of OE be devised by
exploiting the available experimental data to establish correla-
tion between reactivity and the relevant properties of the
substrates?

Can simple descriptors be identied to predict the OE based
on the properties of the substrates and the experimental
results?

Characterizing the reactivity requires mechanistic insight
transferable within a wide range of analogous reactions. In
ortho-directed C–H activations the C–H bond breaking and the
formation of the carbon–metal bond is a necessary and suffi-
cient prerequisite of the successful ortho-metalation. Oen this
step is the kinetic bottleneck in these reactions.1i Hence, we
focus on this step determining the rate and selectivity of the
whole reaction to grasp the efficiency of the C–H activations. It
is important to note that the isolation of metallic species as
intermediates in the C–H activation step is a frequently used
experimental strategy to obtain more detailed mechanistic
insight into the catalytic transformations.

Assessing the reactivity requires large number of comparable
and reliable data for both extremes (high and low) of reactivities.
Although numerous examples have been disclosed for diverse
substrate functionalisation using transition metal catalysed C–H
bond activation under various reaction conditions,1 the compi-
lation of the data is far from straightforward. The effects of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
limiting structural molecular motifs are typically not scrutinized
and the unsuccessful experiments are seldom reported. In the
absence of details, the failed reaction setups are hidden to the
public which hampers mechanistic interpretations.

Correlating selected descriptors with desired chemical
properties has been a successful design strategy in various elds
of chemistry, and especially in catalysis.19 In the present context
we seek simple structural or energetic parameters of the
substrate which correlate with the reactivities of the substrate in
the carbon–metal bond formation step. For quantifying reac-
tivities we need to select parameters representing the applied
conditions of the reaction leading to the metallacycle formation
(such as temperature or reaction time) and values representing
the efficiency of the reactions (conversions or yields). This
approach warrants some additional thoughts: we envision in
principle two viable directions to follow:

(I) a reaction-based approach where we compute reaction
routes for selected metals and ligands and make predictions on
the basis of the results;

(II) a substrate-only-based approach where suitably selected
properties of the substrate are used to predict reactivities.

The former approach has the advantage of being accurate
whereas it has the disadvantage that the more specic
(regarding ligand and metal selection) and accurate the
strategy, necessarily the less general its scope is and the less
general is the model it offers. In contrast, the substrate-only-
based model is less accurate but it can be far wider in scope.
We think that a substrate-only based model can address reac-
tivity issues in typical synthetic problems more efficiently than
a costly approach and the practice appreciates it more
favourably.

In this study therefore we aimed to develop a theoretical
substrate-only-based model to investigate the OE in Pd cata-
lysed ortho C–H activation reaction with the analysis of a large
number of available substrates. DFT calculations provided
simple descriptors (torsional angles and torsional energies)
which are shown here to perform surprisingly well to capture
the experimentally observed reactivities for a large set (>250) of
substrates. Our goal was to show how to assess the reactivity of
a potential substrate using these descriptors and how to obtain
a preliminary estimation of the reaction temperature in
advance. In particular, we wish to demonstrate here that with
this simple model:

(I) one can decide in a binary yes/no fashion whether
a reaction is expected;

(II) in borderline cases the model helps to set the reaction
temperature for a likely successful reaction;

(III) one can assess the regioselectivity when competing sites
are available;

(IV) one can predict the outcome for single vs. double ortho-
functionalisation reactions.

Results and discussion
Computational details

The calculations for constructing the model require optimiza-
tions of substrate conformers. The calculations have been
Chem. Sci., 2021, 12, 5152–5163 | 5153
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Scheme 1 Conformational changes during ortho-cyclometalation on
an aryl substrate.

Fig. 2 Energy profile of a typical transition-metal catalysed aryl C–H
activation and its decomposition into two terms: the rotation (DGrot)
and the chemical terms (DG#

chem).
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performed using the Gaussian 09 soware package.20 The
uB97XD functional21 with the 6-311++G** basis set has been
employed for the geometry optimizations. Full optimizations
have been done for all substrates and then a restricted optimi-
zation was performed where the chelating chain was forced to be
in the plane of the ring by constraining the dihedral angle (s) to
be zero (Scheme 1) without any metal catalyst (M). Solvent effects
were not included in the calculations. We assume that the
solvents, employed in the experiments where yields were taken,
are properly selected (during the optimization studies) for the
ideal reactivity of the substrates and the solvents have similar
effects on the equilibrium and planar conformers of a given
substrate. In this study we will approximate the rotational Gibbs
free energy (DGrot) by the computed Kohn–Sham energy differ-
ence of the equilibrium and constrained geometries, where the
conformational angle (s) is set to 0� (Scheme 1) and neglect the
entropy, vibrational and zero-point energy differences between
the equilibrium and constrained structures. We note that when
formation of a six-membered metallacycle is expected all the
three atoms of DG are forced to be in-plane with the aromatic
ring requiring two dihedral angles to be 0�. In the following we
will use either the equilibrium dihedral angle s, or the term DGrot

when discussing the effect of steric hindrance between DG and
ortho groups. In addition, we also express DGrot in RT units
(standardized DGrot; DG0

rot ¼ DGrot/RT), i.e. we can compare
torsional energies at different temperatures.

Theory for C–H activation with d8 metals

Our objective is to nd suitable descriptors for the steric
conicts between DG and the ortho-substituents of the aromatic
substrate. In principle, a number of structural parameters could
5154 | Chem. Sci., 2021, 12, 5152–5163
be used to quantify the steric bulks of the ligands in question
such as distances between selected atoms, specically dened
volumes or dimensional parameters.18a Still, simplicity and
chemical intuition suggest that the equilibrium value of s or the
corresponding torsional energy DGrot can be suitable simple
quantities to predict the effectiveness of ortho-functionalisa-
tion. In the following we verify this hypothesis, dene its limi-
tations and show examples how this concept can be efficiently
exploited.

Previous calculations and measurements have shown that
aer the coordination of the DG's heteroatom to M, the inter-
mediates feature a planar ligand arrangement around M which
is coplanar with the aryl group.15 Such a situation can arise for
d8 metal centres (Scheme 1). This planarity represents an
important constraint for chelate formation: the bond
between M and DG must be coplanar with the aryl ring.
However, this oen comes at the prize of steric conicts
between groups that are not participating in the formation of
the metallacycle as shown in Scheme 1. This is a crucial issue
when the formation of the metallacycle is the rate-determining
step because in such cases the efficiency of the whole func-
tionalisation reaction is strongly dependent on the extent of the
steric repulsion induced by the formation of the metallacycle in
the C–H activation stage as explained in Fig. 2. In this spirit, the
activation barrier can be hypothetically divided into two
components: an energy term for the necessary conformational
change of DG for chelation (DGrot) and the energy investment
for the rest of the chemical changes (DG#

chem) as pictorially
shown in Fig. 2. Clearly, the smaller the energy for the confor-
mational change (DGrot) is for a given DG#

chem, the faster the
reaction is as the total activation barrier (DG#) is smaller.

We note that similar theoretical decompositions have been
proposed earlier and have been employed with great success.22 In
these methods the activation energy is expressed in terms of
distortion strains of the reactants (bond elongations, bond angle
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Variation of the energy difference between the planar and
equilibrium orientations of the DGs as a function of the deformational
angle s and its pictorial explanation. The red curve serves only as
a guide.

Fig. 4 Dependence of the exponential prefactor exp(�DGrot/RT) of
eqn (1) on the torsional angle (s) calculated for 25 �C. Note that this plot
is a nonlinear transformation of the plot in Fig. 3. The blue line is only
a guide. The background color gradient is an indication of the effect of
torsion on the kinetics, i.e. it is a qualitative measure of the magnitude
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and torsional angle variations) and the interaction energy
between the strained reactants. The main difference in our
approach is that we seek parameters that are characteristic of the
original substrate alone without invoking any metal catalyst, i.e.
we focus on the equilibrium properties of the substrates only.

This is why the activation barrier is dissected to an energy
term representative of the initial reactant (DGrot) whereas the
rest of the contributions to the barrier (e.g. additional strain and
interaction energy components) are included in the term
DG#

chem. It is also important to note that this division implies the
planarity of the TS-s. However, this assumption is only
approximately valid, because the TS is not necessarily fully
planar, hence a small portion of energy necessary to reach full
planarity might be covered by the reaction heat liberated aer
the TS. On the other hand DGrot is a well-dened quantity for
the substrates alone which is an advantageous factor for stan-
dardization of the model.

This decomposition can establish a conceptual model where
a simple structural or energetic property of the substrate can
predict the reaction performance in ortho-functionalisation.
The goal is therefore to assess the extent to which s or DGrot

alone can be used to make prediction for the ortho-functional-
isation without additional computations (e.g. transition state
[TS] calculations).

The rst step along this line is to verify that the energy to
constrain the DG into the necessary planar conformation for
chelate formation (DGrot) indeed depends on the dihedral angle
s in a systematic fashion. For this we have considered the whole
set of substrates curated for this study featuring an aromatic
core suitable for the ortho-substitution. For many of these
molecules experimental data are available but we have also
included those which have not yet been employed in ortho-
functionalisations. The full database is presented as part of the
ESI† (Full Interactive Database). Fig. 3 displays the variation of
DGrot as a function of s calculated for each substrate.

It is seen that there is an apparent correlation between s and
the torsional energy (i.e. DGrot and s are not independent
parameters). At large angles however we can see larger scat-
tering. In particular, there are cases where the distortion
requires less energy than expected from the average tendency.
This indicates that the deformation potential can be quite at
occasionally. Still, it is clear that approaching the coplanar
equilibrium orientation, the torsional energy diminishes.

The partitioning of the energy barrier of the metallacycle
formation into torsional (DGrot) and chemical (DG#

chem) terms
(Fig. 2) affords translation of the effect of the possible steric
repulsions to a factorized reaction rate expression using the
transition state theory (TST).23

k ¼ kBT

h
e

�
� DG#

RT

�
¼ kBT

h
e

�
�

DGrotþDG#
chem

RT

�

¼ e

�
� DGrot

RT

�
kBT

h
e

�
�

DG#
chem

RT

�

|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
k
0

¼ e

�
� DGrot

RT

�

|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
prefactor

k
0 (1)
© 2021 The Author(s). Published by the Royal Society of Chemistry
Here k and k0 are rate constants, DG# is the activation free energy
and the sum of terms DGrot and DG#

chem; R is the universal gas
constant, kB is the Boltzmann constant, h is the Planck constant
and T is the absolute temperature. k0 can be interpreted as the
hypothetical rate constant for the C–H activation step in the
absence of any steric conict during the metallacycle formation.
The exponential prefactor exp(�DGrot/RT) can take a value
between 0 and 1 and it expresses how easily the ortho substit-
uent can assume the necessary conformation for the metalla-
cycle. A value close to unity indicates a very small DGrot (the
substrate is predisposed for activation), while a small prefactor
of the prefactor: green range: small effect is expected; red range:
reaction is expected to be inhibited; yellow range: transient region.

Chem. Sci., 2021, 12, 5152–5163 | 5155
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implies a large DGrot and a reduced reactivity. Fig. 4 shows how
this prefactor depends on the equilibrium torsional angle. A
clear nonlinear behaviour can be seen. The shape of the curve is
crucial for our model: the nonlinear dependence of the pre-
factor on s results in a short plateau at small angles and a steep,
almost linear decline to level off from s z 60�. It suggests that
for torsional angles greater than z60� orders of magnitude
slower rates can be expected as the prefactor is close to 0 and
s z 60� can be taken as a qualitative threshold separating the
domains of expectedly efficient and inefficient reactions. It is
worth noting that analogous factorizations of the rate expres-
sion can be given for other energy-barrier partitioning schemes.
Fig. 5 (A) Variation of the experimental yield of a suitable Pd complex
as a function of the torsional angle s of the DGs. (B) Variation of the
experimental yield of a suitable Pd complex as a function of the
standardized conformational energy (DGrot/RT, DG

0
rot). The dashed

lines separating reactive and unreactive substrates indicate thresholds
which are discussed in the text later.
Assessing the model

The next step in developing our reactivity model is to see
whether there is correlation between the available experimental
reaction performances and the calculated quantities (s and
DGrot) of the substrates. The reactivity or reaction performance
can be dened in a number of ways (rate, turnover frequency,
yield, etc.), however there are two important issues to consider:

(I) Accurate kinetic measurements are seldom performed
therefore experimental rates are not available; the only available
information for deducing the reaction performance is the iso-
lated yield. Consequently, our strategy is to employ the pub-
lished yields as a measure of reactivity.24 We note that using the
experimental yields instead of accurate kinetic data limits the
predictive power of our model because yields only qualitatively
represent the reactivity. However, in default of kinetic data the
yields are used with their limitations in mind.

(II) In order to cover the full range of reaction efficiencies we
need both high and low reactivity cases. Still, the vast majority
of the published reactions report good to excellent yields for
well-known reasons, and low yields are rarely published,
therefore data for low reactivities are taken mostly from our
laboratory.

The energy necessary to reach the planar conformations
(DGrot) is meaningful if we know the reaction temperature.
Indeed, the barrier of a given DGrot is easier to overcome at
higher temperature resulting in higher yield in a given reaction
time. In order to take into account this effect, we have to express
DGrot in RT units (standardized DGrot, DG

0
rot; a dimensionless

quantity). DG0
rot indicates how much larger DGrot is than the

available thermal energy (RT), so it allows a meaningful
comparison of the torsional hindrances for different tempera-
tures. For example, if DGrot ¼ 5 kcal mol�1, the standardized
DG0

rot-s are 8.4 and 6.4 at 25 �C and 100 �C, respectively.25 These
values indicate that at higher temperatures the same calculated
barrier represents a smaller hindrance. Fig. 5A and B show the
yields as a function of torsional angles andDG0

rot-s, respectively.
Note that for these gures only those substrates were consid-
ered where experimental yields are available and the actual
experimental temperatures were applied. Our rst observation
is that no clear correlation between the experimental yields and
either the torsional angle s or the standardized torsional energy
can be detected in Fig. 5A and B. Still, a qualitative assessment
can identify torsional angle or energy regions where we expect
5156 | Chem. Sci., 2021, 12, 5152–5163
the reactions to occur (green and yellow regions) and the
domain with larger torsional angle and energy values where
reaction does not take place (indicated by the red background
colour). To understand the origin of the peculiar scattering of
the data points in Fig. 5A and B we recall that the outcome of
a reaction is the function of both DG0

rot and DG#
chem. Indeed, for

a very favorable DG0
rot other factors (large DG#

chem) can prevent
a fast reaction and for a larger DG0

rot a reaction may be
successful if the rest of the activation requires sufficiently small
energy (small DG#

chem).
This implies that scattering of the points is inevitable and it

is more instructive to compare reactions where the term
DG#

chem is expected to be very similar, i.e. for a given ortho-DG
under similar conditions (see related calculations in the ESI,†
where the contribution of the torsional energy DGrot to the
barrier is studied). However, data for successful and unsuc-
cessful synthesis of palladacycles are limited, and consequently
the number of data-points for a given DG is seldom sufficient to
demonstrate the effect. These individual distributions are given
in the ESI† displaying the variations of the yields as a function
of s and DG0

rot for the different classes of DGs.
At this point our goal is to obtain an overall insight. To this

end, we turn to a more qualitative assessment of the available
experimental and computational data. We dene a substrate
active if it can form an isolable palladacycle intermediate with
a non-zero experimental yield. Fig. 6 shows the range of dihedral
angle s and computed DG0

rot for selected classes of ortho-DGs.
These plots show all the available computational data for each
class by means of the grey bars. Within a class, the ranges where
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc00642h


Fig. 6 (A) Range of the calculated torsional angle s of the directing
groups (green and grey bars). (B) Range of the standardized torsional
energy ðDG0

rotÞ for the different DGs. The continuous green color in
each bar indicates the range where non-zero experimental yield is
available. For ‘Azo’ and ‘Carbamide NH’ the very narrow green range of
z0.05 has been increased to z0.2 for better visibility.
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non-zero experimental yields are available (active substrates) are
indicated by green bars. Both gures show that depending on the
nature of the DGs the range covered by computations can be quite
wide. However, it is clearly seen that experimentally only those
substrates are active and form palladacycle intermediates, whose
dihedral angle s and DG0

rot do not exceed specic thresholds
(s z 60� and DG0

rot z 9) as also indicated by Fig. 5A and B
respectively. Although the thresholds can be rened by adding
additional future examples, the current overall picture also reveals
ner details: for some DGs the ranges cover a wide possible
Fig. 7 Reactivity flowchart: synthetic approach for C–H palladation and

© 2021 The Author(s). Published by the Royal Society of Chemistry
torsional interval starting from fully planar equilibrium confor-
mations, whereas for other DGs a non-negligible equilibrium
torsion is always present implying considerable OE. However, not
all reactive substrates form isolable palladacycles due to various
reasons, hence it cannot be excluded that substrates outside the
green regions might be reactive, although as we move upward to
the larger values in a given class its probability diminishes sharply
(cf. with Fig. 4).
Validation

Our theoretical model is designed to help synthetic chemists to
design reactions and explain reactivities taking into account
simple parameters such as s, DG0

rot in such a way that the
outcome of a C–H activation step can be explained on the basis
of the actual values of these descriptors. Thus, the formation
and stability of the corresponding palladacycle,26 moreover the
functionalizability of the substrate subjected to the Pd catalysed
transformation can also be predicted (Fig. 7). Following this
owchart, we aimed to assess the validity of our model with the
design of two sets of experiments.

In the rst series of experiments, we selected substrates with
similar anilide DG with a wide-range of the OE due to the
varying extent of steric conicts between the DG and the
substituents next to the anilide chains. First we applied
Pd(OAc)2 catalyst in stoichiometric quantity and tested the
reactivities of the substrates in forming palladacycles
(Scheme 2). Note that the isolation of Pd complex intermediates
is typical in mechanistic studies of C–H activation.

We found that 2-methylacetanilide (1), N-acetylindoline (2)
and N-phenylpyrrolidin-2-one (3) underwent the palladation
reaction and yielded the corresponding dimeric Pd complexes as
yellow solids in 93%, 77% and 84% yields.15 These results are in
line with the calculated small torsional angles (0�, 2�, 24�) and
small torsional energies (DG0

rot < 1) indicating a negligible OE. In
the case of N-acetyl tetrahydroquinoline (4) the equilibrium
torsional angle is 44� (DG0

rot ¼ 2.9) and the corresponding Pd
complex could be isolated in 75% yield. For substrates with larger
torsional angles and torsional barriers (N-methylacetanilide (5),
N-(2-tolyl)pyrrolydin-2-one (6)27 and N-methyl-N-(2-tolyl)acet-
amide 7) isolation of the corresponding palladacycles failed even
at 75 �C. Clearly, the efficiency of the complex formation follows
direct functionalisation.

Chem. Sci., 2021, 12, 5152–5163 | 5157
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Scheme 2 The developing steric hindrance and ortho effect in
aromatic amides.29

Scheme 3 The site-selectivity of methyl-substituted N-phenyl-
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the trend predicted by the torsional angles and torsional barriers
of the substrates. An important observation is that the OE is
a joint action of both ligands interacting with each other. Indeed,
taking substrates 1, 6 and 7 as examples we can see that the
methyl group in the ortho position does not necessarily signify OE
(1), only if steric conicts with the DG occur as in the case of
substrates 6 and 7.

We then performed Pd-catalysed triuoroethylation reac-
tions on the selected substrates as a straightforward and effi-
cient C–H activation reaction, to show the correlation between
the key physical parameters obtained from the model and the
reaction efficiency (Scheme 2).16 Performing a tri-
uoroethylation reaction on sterically less hindered substrates
(1, 2, 3) withmesityl(triuoroethyl)iodonium salt resulted in full
conversion at 25 �C. However, the electrophilic tri-
uoroethylation of 4 provided 72% conversion under the same
reaction conditions (25 �C, 24 h), which indicates a decreased
reactivity shown by the somewhat larger s andDG0

rot values (44�,
2.9). Curiously, although Pd complexes could not be obtained
from substrates 5 and 6, poor functionalisation could be ach-
ieved as shown by the yields (23% and 3%). This points to
a reduced stability for the intermediate Pd complexes due to the
non-planarity of the substrates which prevents their isolation.
Finally, the highly distorted substrate 7 could not be function-
alized, in agreement with the prediction of the model (very large
s torsional angle and DG# barrier height).

In the second set of experiments, we selected a site-selective
DG on substrates with two linked aromatic rings, where
competition between the anilide-like (A) and benzamide-like (B)
sites is expected (Scheme 3),28 and the outcome could be pre-
dicted on the basis of our model. Systematic variation of the OE
5158 | Chem. Sci., 2021, 12, 5152–5163
could be achieved with strategical variation of the presence of
a methyl group in ortho position to the amide-linker in both
aryl-rings and on the amide-N. Again, we rst applied Pd(OAc)2
in stoichiometric amount to form palladacycles and subse-
quently we explored the reactivity of the substrates in the tri-
uoroethylation reaction and correlated the site-selectivities
with the OE operating in the anilide and benzamide moieties.

The benzamide moiety forms a ve-membered palladacycle,
whereas the anilide unit results in a six-membered palladacycle.
The model could successfully predict the regioselective
outcome for both the Pd complexes and for the functionalisa-
tion experiments. We found that palladation of the core-scaffold
N-phenylbenzamide (8) without any additional group on the
phenyl rings occurred at the A-side, the corresponding Pd
complex was isolated in 84% yield, and B remained unsub-
stituted. The triuoroethylation of the same substrate resulted
in full conversion and provided themonosubstituted product in
87% yield. This is in agreement with the smaller OE on the A-
side as shown by the calculated torsional angles and barriers. A
methyl group in the ortho position of anilide (9), benzamide (10)
or both in A and B parts (11) did not modify either the regio-
selectivity or the reactivity, in accordance with the preserved
smaller OE on A. The expected anilide-Pd complexes could be
isolated in 67%, 85%, and 63% yields, respectively. In parallel,
benzamides in C–H activation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Augmented demonstration and prediction of the steric
repulsion and ortho effect. Values of DG0

rot are calculated at 25 �C.30–46
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the mono-triuoroethylation of these substrates provided good
and excellent yields (71%, 84%, 88%). By introducing a methyl
group onto the linker amide-N (N-methyl-N-phenylbenzamide,
12) we have found that both the N-methyl benzamide (B) and N-
methyl anilide (A) moieties feature a considerable OE albeit of
different extent. While the Pd complex could not be isolated,
mono-triuoroethylation of the substrate at room temperature
took place on either A or B and both AB rings in an approxi-
mately 6 : 1 : 2 ratio (unseparable mixture) reecting the more
enhanced OE in the benzamide-moiety seen also in the theo-
retical descriptors. Further variation of the OE could be ach-
ieved by introducing additional methyl groups into the frame of
compound 12.

In this way, we studied the reactivity of all possible
substrates (13, 14, 15). Similar to 12, none of these compounds
afforded the isolation of Pd complexes (presumably due to the
considerable OE present in each side). Remarkably, the site-
selectivity could be swapped in the case of 13 where a methyl
group is introduced into ring A, leading to the ortho-tri-
uoroethylation of the benzamide side (B) and the corre-
sponding product was isolated in 46% yield. This is again in
very nice agreement with the prediction of our model, which
indicated a prohibitively large OE on the A-side but forecasted
moderate reactivity for the ring B.

The methyl group installed on ring B further increased the
OE at this side as shown by the large torsional angles and
barrier and this resulted in the ortho-triuoroethylation of the
anilide side A with a yield of 34%. Installation of a methyl group
in ring A increased the OE at this side as well and substrate 15 is
thus inactive in the Pd-catalysed functionalisation, in agree-
ment with the predictions of our model, i.e. both descriptors
indicate inactivity for both aromatic rings.

In substrates 8, 10 and 14 two equivalent sites are available
in the active ring A for ortho-functionalisation. Hence, we also
tested if double equivalents of the triuoroethyl reagent can
afford the installation of two triuoroethyl groups into the two
ortho positions. We obtained bis-triuoroethyl anilide 8b in
81% yield and 10b in 71% yield indicating only a moderate OE
in mono-triuoroethyl anilides 8m and 10m. In contrast, the
bis-triuoroethyl anilide 14b could not be obtained which
points to an amplied OE in 14m.

In general, the steric hindrance and the OE of a functional-
ized arene can vary on a broad scale depending on the steric
demands of the interacting groups.
General applicability and prediction

Beyond our designed experimental results in Scheme 4 we have
collected a larger set of substrates along with the descriptors to
quantify the extent of their OE to provide a more general picture
of the applicability of the model. Herein we predict the possi-
bility of successful functionalizations and the expected reaction
temperatures in a pictorial way on the basis of the descriptors
(for custom predictions use the attached Full Interactive Data-
base equipped with Temperature Control Panel). We also indi-
cate if literature precedents are available for such C–H
functionalisation regardless of the incoming substituent.30–46 In
© 2021 The Author(s). Published by the Royal Society of Chemistry
fact literature examples have not been found any of the
substrates predicted to be unreactive. We have also considered
bis-functionalisations when equivalent ortho-positions and
sites are available. Similar to the aromatic NH amides, methyl
phenylcarbamate (16), tert-butyl phenylcarbamate (17) and N,N-
dimethyl-N0H-N0-phenylurea (18) feature coplanar structures
and zero torsional energy which suggest mild reaction condi-
tions and a possible twofold C–H activation, which are sup-
ported by experimental results.30–32 However, the presence of an
N-methyl group in N,N-dimethyl-N0-methyl-N0-phenylurea (19)33

induces structural distortion and a larger DG0
rot implying

a slower reaction. Hence, we propose an elevated reaction
temperature. For substrates 16–18 bis-functionalisation is
possible. However, its success is strongly dependent on the
steric demand of the rst substituent. Comparison of cyclic
aromatic imide (20)34 and its methylated variant 21 indicates
a signicant difference in the extent of the OE operating in the
two substrates and 21 is predicted unreactive. There are known
C–H activation reactions for azo and keto DGs such as 22 (ref.
35) and 23 (ref. 36) and the descriptors showing their planarity
and also supporting their reactivity.

Similarly, only limited OE is predicted by the model for the
nitrogen donor imines 24 and 25,37 for aromatic pyrimidine
(26)38 and for benzo[h]quinoline (27).39

These predictions are aided by the experimental examples
from the literature. The development of the steric hindrance
and how it tunes the OE is quite spectacular in the case of
Chem. Sci., 2021, 12, 5152–5163 | 5159
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phenyl pyridines: (28)40 has a slightly twisted geometry typical of
linked aryl rings and the CH3 in themeta position is far from the
DG. Hence the ortho-functionalisation is predicted to be
feasible.

In addition, the success of a possible double functionalisa-
tion is again strongly dependent on the steric demand of the
rst installed substituent. The presence of ortho-methyl on
either the aryl or pyridyl core (29 and 30)41,42 typically makes the
C–H activation difficult, as also indicated by the descriptors. To
overcome this barrier, elevated temperature is proposed. For 30
a second ortho-substitution is also a possibility if the overall OE
allows it. If both rings of the phenylpyridine frame have o-CH3

(31) the torsional energy rises dramatically which might be
compensated with harsh reaction conditions, although no
literature precedent was found for the functionalisation of this
substrate. Benzamides also feature an important DG in C–H
activation reactions, although there are considerably less
publications regarding their ortho-metalation reactions. The
unsubstituted N-butyl benzamide (32)43 has a slightly nonplanar
geometry implying small OE and a feasible mono- and bis-
functionalisation. Introducing a CH3 group (33)44 induces
a larger OE and suggests a somewhat higher reaction temper-
ature. Substrate pairs 34–35, 36–37 and 38–3945,46 are good
examples of how we can modify the OE by changing the inter-
acting groups. For each pair we can see that the OE arising from
the interaction of the alkyl groups on the amide-N moiety with
the ortho-H atoms is considerable (34, 36, 38) but still within the
productive range albeit indicating a reduced reactivity. Intro-
duction of a larger group (35, 37, 39) however increases the OE,
and further functionalisation in the ortho position is not
feasible.
Fig. 8 Crucial parameters for the description of steric hindrance and
OE in directing group (DG, shown by a red circle) supported C–H
activation.

5160 | Chem. Sci., 2021, 12, 5152–5163
We note that increasing steric hindrance along the C–N axis
can lead to restricted rotation and thus to the appearance of
axial chirality.47 Therefore, the substrates which will be func-
tionalized with a larger group in the ortho position can be
considered as axial prochiral substances and this structural
property can be exploited in diverse synthetic approaches too.48

Conclusions

In this work we have introduced the concept of Ortho Effect (OE)
in C–H activation. We can dene it as the interaction between
the directing group (DG) and an atom or a larger group installed
in the ortho position relative to the DG, if this interaction
inuences the outcome of the directed C–H activation in the
aromatic core in question. The present work has considered
various ortho-DGs, where the effect is readily discernible and
likely the most frequent as compared to meta and para DGs.
Development of the model focused on the metallacycle forma-
tion step because usually it is rate-determining in C–H func-
tionalisations under kinetic control. We sought descriptors
representing the substrates alone which can predict their
reactivities. The rotational angle of the DG and the corre-
sponding rotational barrier were found to be such descriptors.
An evident correlation between them has been found for a set of
more than 250 substrates. Employing the transition state
theory, we have shown how the rotational barrier can be
translated to an overall rate decrease. In addition, we intro-
duced a dimensionless quantity, the standardized rotational
barrier which takes into account the experimental reaction
temperature. To characterize the reactivities of the substrates
we used the experimental yields. While it is true that using the
experimental yields propagates their shortcomings to our
reactivity model preventing a fully quantitative analysis, reac-
tivity domains could be identied successfully with this
approach. On this basis, useful thresholds for the practice could
be set for the torsional angles and torsional barriers which can
predict likely successful C–H activations, and in borderline
cases allows estimation of a necessary reaction temperature.
Indeed, with a torsional barrier DGrot in hand one can estimate
a minimal reaction temperature for a likely successful reaction
from the fact that the threshold is for DG0

rot ¼ DGrot/RT ( 9.
Rearranging this relationship yields T T DGrot/9R setting
a lower bound for the reaction temperature.

Themodel presented in this study provides a straightforward
picture behind the OE. In a nutshell, if there is a coplanar or
near coplanar arrangement formed by the aromatic ring and the
sp2 hybridized DG of substrates then the C–H activation can
easily occur; highly twisted arrangement prevents a successful
metallacycle formation.

In summary, the crucial elements of our model are depicted
pictorially in Fig. 8. These elements are the torsion angle,
conformational energy, size of DG and ortho substituent,
stability of palladacycles, reaction temperature and number of
literature precedents. The study also veried our hypothesis
that the outcome of a C–H activation reaction can be assessed
from the properties of the substrate alone. This analysis can be
done with simple geometry optimizations and energy
© 2021 The Author(s). Published by the Royal Society of Chemistry
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calculations of the substrate molecules without extensive
quantum chemical calculations of the free energy prole of
whole reaction mechanisms including the metal catalysts. We
note that with properly tuned force elds one could calculate
equilibrium torsional angles with the extremely fast and cheap
molecular mechanics engines built in chemical drawing
programs.

As a proof of concept, we have performed Pd-catalysed C–H
functionalisations where the synthetic targets were strategically
selected to verify the model. For a set of anilide compounds
where differences between the electronic effects were mini-
mized the correlations between the descriptors and reaction
efficiencies were demonstrated. We have also shown how to
apply the model to predict site-selectivity in functionalisations
or how to tune mono vs. bis functionalisations. For a set of
molecules, we have given a preliminary assessment of reactivity
and selectivity in the functionalisations as well as reaction
conditions on the basis of the model. We believe that our model
can serve as a simple and useful tool for bench chemists and
non-experts for a fast reactivity assessment in the eld of ortho-
directed C–H functionalisation.

Finally, we note that our database could be extended with
further substrates and with the corresponding experimental
and additional computed quantities. Including substrates
showing moderate or no reactivities reported seldom in the
literature would be highly useful and this provides additional
argument favouring the publication of the so-called negative
reactions. The value of such a database is that far better reac-
tivity patterns could be obtained with more effective descriptors
accounting for both reactive and unreactive situations.
Certainly, modern machine learning tools could also be applied
to such a sufficiently large database to obtain further suitable
descriptors.
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18 (a) A. V. Brethomé, S. P. Fletcher and R. S. Paton, ACS Catal.,
2019, 9, 2313; (b) J. P. Reid and M. S. Sigman, Nature, 2019,
571, 343.

19 (a) D. J. Durand and N. Fey, Chem. Rev., 2019, 119, 6561; (b)
M. Foscato and V. R. Jensen, ACS Catal., 2020, 10, 2354.

20 M. J. Frischet al.Gaussian 09, Revision E.01, Gaussian, Inc.,
Wallingford CT, 2013.

21 J.-D. Chai and M. Head-Gordon, Phys. Chem. Chem. Phys.,
2008, 10, 6615.

22 (a) F. M. Bickelhaupt and K. N. Houk, Angew. Chem., Int. Ed.,
2017, 56, 10070; (b) D. H. Ess and K. N. Houk, J. Am. Chem.
Soc., 2008, 130, 10187; (c) F. M. Bickelhaupt, J. Comput.
Chem., 1999, 20, 114.

23 E. Pollak and P. Talkner, Chaos, 2005, 15, 26116.
5162 | Chem. Sci., 2021, 12, 5152–5163
24 Discussion of a possible standardization of the published
yields is given in the ESI.†

25 Note that the Gibbs free energy is a temperature dependent
quantity but we neglect this dependence in this study.

26 B. E. Haines, J. F. Berry, J.-Q. Yu and D. G. Musaev, ACS
Catal., 2016, 6, 829.

27 D. G. Billing, J. C. A. Boeyens, L. Denner, K. E. D. Plooy,
G. C. Long and J. P. Michael, Acta Crystallogr., 1991, 47, 284.

28 (a) Q. Lin, Z. Lin, M. Pan, Q. Zheng, H. Li, X. Chen, C. Darcel,
P. H. Dixneuf and B. Li, Org. Chem. Front., 2021, 8, 514–521;
(b) K. Sahoo, P. Pradhan and N. Panda, Org. Biomol. Chem.,
2020, 18, 1820; (c) R. Gramage-Doria, Chem.–Eur. J., 2020,
26, 9688; (d) A. Tomberg, M. É. Muratore, M. J. Johansson,
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