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ABSTRACT: The strategy using N,N-bidentate directing
groups is a promising way to achieve selective C(sp2)−H
activation inaccessible by that of monodentate directing
groups. Herein, through theoretical calculations, we present a
rationale behind this strategy, which deciphers its key roles in
C−H activation promoted by Ni, Pd, Ru, and Cu. The
calculations reveal two key points: (a) Between the two
coordination sites of the N,N-bidentate directing group, the
proximal one influences more the C−H activation barrier ΔG‡,
whereas the distal site affects more the free energy change ΔG
relevant to the substrate coordination. (b) Enlarging/shrinking the chelation ring can exert different effects on the reactivity,
depending on the metal identity and the ring size. Importantly, our computational results are in full agreement with previous
experimental findings concerning reactivity. Furthermore, a prediction about the unprecedented reactivity from our theory is
confirmed by our experiments, lending more credence to the rationale and insights gained in this study.

KEYWORDS: N,N-bidentate directing group, C(sp2)−H activation, transition metal, coordination free energy, reaction barrier,
density functional theory

1. INTRODUCTION

The transition-metal-catalyzed C−H activation reaction has
emerged as one of the most promising and powerful methods
for the direct conversion of inert C−H bonds into C−C and
C−X (X = heteroatom) bonds in recent years.1 Chelation
assistance is currently in widespread use in such trans-
formations of C−H bonds because it enables the efficient
and selective cleavage of the proximal C−H bond through a
cyclometalation reaction.2 A wide variety of directing groups
have been reported, and in most cases, monodentate directing
groups were utilized, the role of which in C−H activation has
been extensively explored both experimentally and computa-
tionally (Scheme 1a).2,3 Recently, bidentate-type directing
groups have provided new possibilities for exploring challenging
C−H transformations that could not be achieved by adopting
monodentate directing groups (Scheme 1b).4

Since the pioneering study of Daugulis et al.,5 who reported
the arylation of unactivated C−H bonds using 8-aminoquino-
line and picolinamides as N,N-bidentate directing groups in
conjunction with Pd(OAc)2 as a catalyst, a number of reactions
utilizing N,N-bidentate directing groups have been developed
for Pd(II)-catalyzed reactions.6,7 On the basis of this strategy,

ortho C(sp2)−H bond activation/transformation has also been
successfully realized in Ni-,8 Ru-,9 and Cu-catalyzed/-
promoted10 reactions. As excellent examples, Chatani et al.
reported Ni(0)-catalyzed oxidative annulation of aromatic
amides with alkynes, resulting in the formation of isoquinolo-
nes8a as well as Ni(II)-catalyzed alkylation of C−H bonds with
unactivated alkyl halides.8b Later, this strategy was also
successfully applied in Ru(II)-catalyzed arylation of C−H
bonds in aromatic amides.9c Quite recently, Miura et al.
reported copper-mediated C−H/C−H coupling of benzoic
acid derivatives and 1,3-azoles with the aid of the 8-
quinolinylamine-based double N,N-coordination strategy.10b

Although C−H bond activation utilizing bidentate chelation
is well established experimentally, a predictive theoretical
understanding of the effectiveness of this strategy is still
missing. Specifically, quantitative assessment of the roles of
bidentate chelation in a complex catalytic reaction, particularly
in the key step of C−H bond activation, is not yet known.
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Although previous theoretical studies on monodentate directing
groups3,11 have contributed considerable insights into the C−H
activation chemistry, theoretical efforts toward understanding
bidentate directing groups are rarely seen, with only sporadic
attempts on a few isolated reactions or selectivity.12 With
density functional theory (DFT) computations, this work
presents a theory for rationalizing N,N-bidentate chelation in
C−H activation, which is consistent with previous experimental
findings, and we also confirm its prediction by our own
reactivity experiments.

2. METHODS
All calculations were performed using the Gaussian 09 suite of
programs.13 For geometry optimization in the gas phase, the
hybrid B3LYP density functional14 was used in combination

with the def2-SVP basis set15 (B1) for all the atoms. All of the
geometries were fully optimized without symmetry constraints.
Vibrational analysis calculations were performed to verify the
nature of the stationary points and also to obtain the thermal
free energy correction. All optimized transition states (TSs)
described in this work have only one proper imaginary
frequency, whereas minima have no imaginary frequencies.
All the C−H activation TSs were verified to lead to the
corresponding cyclometalated intermediates through IRC
calculations. To refine the electronic energy, single point
calculations with larger basis sets were carried out on these
optimized structures with the B3LYP functional using the def2-
TZVP basis set15 (B2) for all elements. To take the solvent
effect into account, the continuum solvation model SMD16 was
utilized in all the single point calculations using the B2 basis set.

Scheme 1. The N,N-Bidentate Directing Group Strategy for C−H Activation

Scheme 2. The Reaction Model for C−H Activation Utilizing Bidentate Chelation Strategy

Scheme 3. C−H Activation Studied in This Work
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The experimentally employed solvents (toluene for reactions
1−3 and o-xylene for reaction 4) were used in solvent effect
modeling as the solvents. The reported energies in this work
include the B2 electronic energy in solution, DFT-D3 empirical
dispersion correction proposed by Grimme et al.,17 gas phase
thermal correction to the Gibbs free energy, and solvation free
energy. The thermal correction to the Gibbs free energy was
calculated at the corresponding experimental reaction temper-
ature of 140, 110, 140, and 135 °C for reactions 1, 2, 3, and 4,
respectively. Experimental details can be found in the
Supporting Information (SI) document.

3. RESULTS AND DISCUSSION

Our basic model for C−H activation is consistent with the
current consensus on the reaction scheme of C−H activations
assisted by directing groups.2,3 As shown in Scheme 2, the
substrate first coordinates to a metal center to form a C−H
preactivated intermediate, associated with a Gibbs free energy
change, ΔG, that measures the tendency of this intermediate
formation for substrate binding. After this C−H preactivated
intermediate is generated, the C−H bond could be cleaved, the
ease of which is characterized by a C−H activation free energy
barrier ΔG‡. Of note, this C−H activation model is quite
similar to the Michaelis−Menten model of classic enzymatic
catalysis.18 According to transition state theory and thermody-
namic equilibrium of the reactant complexation before C−H
activation, both ΔG and ΔG‡ should collectively control the
reaction rate of the C−H cleavage step in C−H activation. As
shown in this work, by computing and comparing these two
key parameters (ΔG and ΔG‡) of the above reaction model, we
are able to decipher the origin of the reactivity in C−H
activation enabled by the N,N-bidentate chelation strategy.
On the basis of the elegant experimental reports utilizing

N,N-bidentate chelation strategy,7c,8b,9c,10b as depicted in
Scheme 3, in this work, we studied the corresponding C−H
activation reactions (1−4) mediated/catalyzed by four
transition metals (Ni, Pd, Ru, and Cu). These selected cases
include a rich coordination environment for central transition
metals. Among them, d8 Ni(II) and Pd(II) complexes adopt the
typical four-coordinate square-planar geometry, and d8 Cu(III)

species possess either four-coordinate square-planar geometry
or an additional weak axial coordination leading to five-
coordinate tetragonal pyramid geometry. For the d6 Ru(II)
case, as usual, a six-coordinate octahedral structure is involved.
The above wide ranges of the coordination environment
provide an opportunity for us to explore both the system-
dependent and system-independent roles played by a bidentate
directing group in C−H activation reactivity, the latter of which
would shed more light on the general understanding of the
bidentate directing group.
To explore and reveal the origin of the effectiveness of N,N-

bidentate directing groups, we considered plenty of substrates
in our computational modeling, as shown in Scheme 4. In
previous experiments,7c,8,9a,c,d,10b many of these substrates have
been examined; thus, they can herein serve as representative
examples to test our theory on reactivity. The key idea in our
theoretical description of C−H activation reactivity is the
comparison between different substrates to get ΔΔG and
ΔΔG‡ from their ΔG and ΔG‡. Of note is that ΔG contains
free energy changes caused not only by the substrate binding,
but also from other processes necessary to generate the C−H
preactivated intermediate from the source metal complexes,
such as the disproportion of Cu(II) to generate reactive
Cu(III), shown in reaction 4 (see Scheme 3). Despite this
mixing of information in ΔG, by comparison of the different
substrates within one specific reaction system, we are able to
remove these “noises” irrelevant to the substrate binding
because they are canceled in subtraction of two ΔG’s to get
ΔΔG. Since the difference in the ΔG values to be compared
lies only in substrates, ΔΔG obtained thereby can faithfully
exhibit the binding energy difference between different
substrates. In this comparative way, ΔΔG and ΔΔG‡ convey
confined information of relative energetics for substrate binding
and C−H activation, respectively. Consequently, for each
reaction, we need to choose substrates as reference, and in
practice, we usually select experimentally reactive ones. By
comparing with the reference substrate that is known to be
reactive in experiment, the relative reactivity of a specific
substrate can be estimated. Such a way of describing the
reactivity in a relative manner can also more tolerate the

Scheme 4. Substrates Explored in This Work
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accuracy limit of current approximate density functionals in
computing the ΔG and ΔG‡ values because the trend of
energetics is more reliably followed in DFT calculation than the
value of energetics.19 All the computational results of ΔΔG and
ΔΔG‡ are summarized in Table 1, with the known
experimental reactivity denoted to assist comparisons between
the theory and experiments, and the ΔG and ΔG‡ data are
relegated to the SI (see Scheme S1).
3.1. The Pristine N,N-Bidentate Chelation Substrates.

First, let us explore the two types of pristine N,N-bidentate
substrates 1 and 2, which serve as the corresponding references
to compare for other substrates. As shown in Scheme 3, the
amide N coordination site in pristine substrates 1 and 2 enables
cyclometalation to form a five-membered metallacycle upon
C−H activation, which is a common structural feature for all
those substrates with an amide directing group in Scheme 4.
Experimentally, in the three reactions promoted by Ni, Pd, and
Ru, both 2b and 1b are reactive,7c,8b,9c whereas in the Cu-
mediated reaction, 2a is reactive, but 1a is not.10b In line with
the experimental reactivity of Cu-mediated reactions with 2a
and 1a,10b herein, we observed that the binding (Gibbs) free
energy of 1a is 1.7 kcal/mol less favorable than that of 2a in
Cu-promoted C−H activation reaction, whereas the barriers are
only slightly different, by 0.1 kcal/mol, implying that it is the
stronger substrate binding that makes 2a more reactive toward
C−H activation than 1a in this reaction. More generally, the
corresponding first two columns of data in Table 1 show that
substrates 2b/2a consistently coordinate to the metal more
tightly than 1b/1a by about 2−5 kcal/mol for all the reactions
under study, albeit bearing very close C−H activation barriers.
Interestingly, this computational result supports the recent
conclusion of Chatani et al. that 2 has a bidentate directing
group that is superior to that of 1, for which a more acidic NH
bond in 8-aminoquinoline than that in 2-pyridinylmethylamine
was considered as an explanation.4 Certainly, a more acidic NH
bond would favor the substrate binding in energy due to easier
NH deprotonation; thus, these two explanations are in mutual
agreement.

3.2. The Effect of Proximal Coordinating Site. As
shown in Scheme 2, the substrate with a bidentate chelation
directing group has two coordinating sites, one (P) is proximal
to the C−H bond to be activated and the other (D) is at a
distal position. Previously, changing the directing group PH
from NH to O or NMe had been frequently explored
experimentally.8b,9a,c,d,10b It was found that these substitutions
in substrates never worked to render any reactivity. What is the
reason for this phenomenon? One simple intuitive explanation
would be that O and NMe bind to the metal center more
weakly than the deprotonated NH; thus, substrates loose
binding energy, ΔG. Surprisingly, our computational results for
3, 3-A, 4, and 4-A in Table 1 reveal alternative origin for the
inactivity of those substrates bearing O and NMe at the P
positions.
First, we test the effect caused by NH-to-O substitution with

substrates 3 and 3-A, whose results are shown in the
corresponding third column of data in Table 1. When 3 was
employed as the substrate in the Ni(II)-catalyzed reaction, the
C−H activation barrier was greatly increased by 26.1 kcal/mol
compared with 1b, although the substrate binding free energy is
even more favored by 6.5 kcal/mol. This implies that the C−H
activation barrier leads to the inaccessibility of 3 as the directing
group for the Ni(II)-catalyzed reaction. Similarly, this C−H
activation barrier-controlled reactivity with 3 or 3-A is kept in
the corresponding Pd(II), Ru(II), and Cu(II)-promoted C−H
activation reactions. In these cases, substrate binding free
energies are only slightly changed relative to the corresponding
pristine substrates (ΔΔG = −1.1, −2.3, and 2.1 kcal/mol for
Pd(II)-, Ru(II)-, and Cu(II)-promoted reactions, respectively).
Obviously, the sizable C−H activation barrier increase (ΔΔG‡

= 23.6, 11.5, and 13.5 kcal/mol for Pd(II)-, Ru(II)-, and
Cu(II)-promoted reactions, respectively) relative to its
corresponding pristine substrates are too high to make 3 or
3-A reactive, as in the Ni(II) case.
The origin for the inactivity of the substrate found above for

3 and 3-A also holds true when using substrates 4 and 4-A
having NH-to-NMe substitution. As shown in the correspond-
ing fourth column of data in Table 1, the rather large increases

Table 1. Calculated Relative Reaction Binding Free Energies (ΔΔG) and Barriers (ΔΔG‡) in kcal/mola

aCompared with the reference reaction, positive ΔΔG and ΔΔG‡ mean less favorable binding energy and higher barrier, respectively, and vice versa.
bΔG and ΔG‡ of 1b as reference. cΔG and ΔG‡ of 2a as reference. dΔG and ΔG‡ of 1a as reference. eΔG and ΔG‡ of 2b as reference. fReactive, see
ref 8b. gReactive, see ref 7c. hReactive, this work. iReactive, see ref 9c. jNot reactive, see ref 9c. kNot reactive, see ref 10b. lReactive, see ref 10b.
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in the C−H activation barrier (ΔΔG‡ = 22.8, 18.6, 10.0, and
15.8 kcal/mol for the Ni(II)-, Pd(II)-, Ru(II)-, and Cu(II)-
promoted reactions, respectively) from changing the directing
group NH to NMe, are dominant, and the changes in the
substrate binding free energy are only minor (ΔΔG = −5.6,
−1.3, 2.6, and −0.7 kcal/mol for the Ni(II)-, Pd(II)-, Ru(II)-,
and Cu(II)-promoted reactions, respectively). Thus, it is the
C−H activation barrier that controls these reactions with
substrates 4 and 4-A.
As elaborated above, our results demonstrate that changing

proximal coordinating site P from NH to O and NMe will not
necessarily disfavor the substrate binding, but will certainly
cause a large increase in the C−H activation barrier, which
makes these substrates inactive in the reaction. All the C−H
activation barriers for 3, 3-A, 4, and 4-A are significantly higher
than the corresponding pristine substrates, by at least 10 kcal/
mol. This phenomenon of significant increase in the C−H
activation barrier height could be associated with some
structural feature of the reactant complex (RC). For example,
as depicted in Figure 1 for Ni(II)-promoted reactions, although
C−H activation TSs with substrates 1b, 3, and 4 (TS1b, TS3,
and TS4) are qualitatively similar in structure near the activated
C−H moiety, their four-coordinate RCs (RC1b, RC3, and RC4),
which are linked directly by TS1b, TS3, and TS4, respectively,
are quite different. The acetate ligand in RC1b adopts a κ

1-CO2
−

coordination mode, whereas that in RC3 and RC4 takes a κ2-
CO2

− coordination mode. As a result, to accept the transferred
H from the breaking C−H bond, TS3 and TS4 would need to
break one leg of κ2-CO2

− coordination to become κ1-CO2
−

coordinated when evolving from the respective RC3 and RC4,
but from RC1b, TS1b does not need to do so. This extra κ

2-to-κ1

coordination transition makes the barrier of substrates 3 and 4
higher than that of the corresponding reference substrate 1b. In

addition to the Ni(II)-promoted reaction, the analogous
behavior is also observed for the P-substituted substrates (by
O and NMe) in the Pd(II), Ru(II), and Cu(II)-promoted C−H
bond activation reactions (for details, see the SI). In summary,
our computational results clarify the pivotal role of the NH
group in affecting the reactivity of the N,N-bidentate chelation
directing groups, as considered by many recent experimental
investigations.4,5,6e,7a,b,8b,9c,10b

3.3. The Effect of Distal Coordinating Site. Having
clarified the consequence of introducing variations on the
proximal P position, what will happen if the distal coordinate
site D in Scheme 2 is changed? To explore this, we studied the
substrates 5 and 5-A, in which pyridinyl and quinolinyl groups
are replaced by phenyl and naphthalenyl groups without strong
coordinating ability. The corresponding results in Table 1
clearly indicate that this substitution will consistently cause the
substrates to significantly lose the binding free energy, by ∼20−
30 kcal/mol, which is in good agreement with the available
experimental results of the incapability of these and similar
substrates in Ni-, Ru-, and Cu-promoted reactions.8b,9a,c,d,10b

Specifically, for 5 in Ni(II), Pd(II), Ru(II), and Cu(II)-
promoted C−H activation reactions, the substrate binding free
energies, ΔG, are disfavored by 25.9, 20.1, 29.5, and 19.3 kcal/
mol compared with the corresponding pristine substrates;
however, the C−H activation barriers are all correspondingly
lowered by 0.9, 0.6, 6.7, and 4.4 kcal/mol for the above four
reactions. These results indicate that the distal site D affects
more the substrate binding free energy. Consequently, in
contrast to P site variations, all barriers arising from the D site
replacement are lowered to some extent, which demonstrates
that the D site coordination weakening will not necessarily
result in increasing C−H activation barriers.

Figure 1. Optimized geometries of reactant complexes and transition states for P-substituted (by O and NMe) substrates (RC3, RC4, TS3, TS4) and
the pristine substrate 1b (RC1b, TS1b) involved in reaction 1. Hydrogen atoms on the substrates are omitted for clarity, except the transferred H.
Unlike the pristine substrate RC1b, two acetate ligands remain in the P-substituted systems to make them neutral.
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3.4. The Effects of Enlarging and Shrinking Chelation
Ring. After binding to the metal center, the N,N-bidentate
directing group in the pristine substrate 1 or 2 forms a five-
membered ring with the metal through chelation. What effect
will be brought if this ring is expanded to a six-membered ring
or shrunk to a four-membered ring? To answer this question,
we studied substrates 6, 6-A, and 7, which have longer or
shorter alkyl chain compared with 1 and 2.
For six-membered ring chelation, our results on 6 and 6-A as

shown in Table 1 indicate that the resultant effect is metal-
dependent. For the Ni(II)-catalyzed C−H bond activation
reaction, the binding free energy of 6 is disfavored by 3.3 kcal/
mol compared with the pristine substrate 1b, and the C−H
activation barrier also increases by 1.8 kcal/mol, indicating that
both the substrate binding free energy and the C−H activation
barrier contribute to the decreased reactivity of 6. Recent
experimental investigation showed that 6 was not reactive in
Ru-promoted reactions.9c According to our results, this could
be explained only by the binding free energy loss, not by the
barrier change, because substrate binding free energy of 6 is
disfavored by 5.4 kcal/mol relative to the pristine substrate 1b,
whereas the C−H activation barrier is lowered by 1.1 kcal/mol.
Similar decreased reactivity controlled by the substrate binding
free energy, such as in the Ru-promoted reaction, was found in
the Cu(II)-promoted C−H bond activation reaction with
substrate 6-A, as well, as reflected by the 2.7 kcal/mol
disfavoring of substrate binding free energy, but 1.1 kcal/mol
favoring in the C−H activation barrier relative to the reference
substrate 2a. For Pd with substrate 6, however, our calculation
indicates that its binding energy increases only slightly, by 0.5
kcal/mol, and its barrier decreases slightly, by 0.4 kcal/mol,
compared with those of 1b. Thus, in total, the effective barrier
of reaction is almost unaffected. Hence, we predict that
substrate 6 in a reaction promoted by Pd7c should be reactive.
To test this computational prediction, we conducted the

corresponding experiment. In good agreement with theory, we
found that 6 was reactive in a reaction promoted by Pd,7c and
we got similar yields for pristine substrate 1b (55%) and 6
(47%). This result shows that our reaction model and
comparative analysis approach are reasonable to give a correct
prediction on the reactivity.
Interestingly, concerning the one-carbon-shorter substrate 7

that can form only a four-membered ring through chelation
with a metal, a trend different from the one-carbon-longer
substrates (6 and 6-A) is discovered. From the seventh column
of data in Table 1, it is apparent that the C−H activation
barriers for substrates 7 are significantly increased, by 16.5,
14.1, 14.2, and 11.8 kcal/mol, in Ni(II)-, Pd(II)-, Ru(II)-, and
Cu(II)-promoted C−H bond activation reactions when
compared with their respective reference substrates 1. Mean-
while, the substrate binding free energies of 7 are much less
affected and also not in a uniform direction, as indicated by
their energy shifts of −4.5, −1.6, −5.2, and 1.2 kcal/mol away

from the corresponding values of substrates 1. Thus, the barrier
increasing factor will dominate the C−H activation process for
a one-carbon-shorter substrate. This result can be explained by
the structural deformation in the C−H bond breakage process.
In Table 2, we compare the bond lengths of two metal−
nitrogen bonds in bidentate chelation for TSs and RCs of all
reactions with 1 and 7 as substrates. When 7 are the substrates,
the bond length variation from RC to TS (0.09−0.22 Å) is
much larger than that of 1 (0.01−0.07 Å), which clearly
indicates that a larger structural deformation of the bidentate
group has to be encountered in the case of a four-membered
ring. This will certainly cost more energy with a C−H
activation barrier. Experimentally, substrates bearing a N,N-
bidentate directing group with a one-carbon-shorter alkyl chain,
such as 7, were never found reactive in Ni- and Ru-promoted
reactions,6o,p,8a,9a,b which is in line with our computational
results of significant barrier height increase.
Combined with the results for longer alkyl chain substrates 6

and 6-A, we here conclude that changing the N,N-bidentate
chelating ring size can change the reactivity by affecting either
the substrate binding or the C−H activation barrier, depending
on the metal identity and ring size.

3.5. The Effect of Chelation. Finally, to explore the effect
of chelation itself by N,N-bidentate directing groups, we
studied 8 and 9 with no chelation at all. As shown in the
second-last column of data in Table 1, compared with the
corresponding reference substrates 1 (1b and 1a), the substrate
binding free energies of 8 (8b and 8a) are disfavored by 9.3,
7.5, 14.8, and 7.4 kcal/mol for all reactions promoted by Ni, Pd,
Ru, and Cu, respectively, but the C−H activation barrier was
affected less significantly, by 6.1, 3.8, −0.3, −0.2 kcal/mol,
respectively. Hence, these results in Table 1 indicate that the
main effect exerted by chelation is to enhance the substrate
binding strength of substrates 8 by about 7−14 kcal/mol. The
barrier changes are more limited in magnitude and not uniform
in direction.
The substrate binding-controlled reactivity found in 8 also

manifests itself well in 9, as observed in the last column of data
in Table 1. One notable quantitative difference between 8 and 9
is the degree of enhancement in the substrate binding free
energy, ΔΔG. The substrate coordination strength enhance-
ment gained through chelation from 9 to its pristine 2 is
generally larger than that from 8 to its pristine 1. This is in
accord with the fact that the quinolinyl directing group in 2 has
a more rigid backbone than the pyridinyl one in 1. The rigidity
of the former directing group will help to generate a tighter
substrate binding by decreasing the entropic contribution in
free energy.
To gain more insight into the origin of losing the substrate

binding free energy for substrates without bidentate chelation,
we analyzed the two components of ΔΔG for 8 and 9. One
component is the electronic energy component, ΔΔE, that also
includes the DFT-D3 dispersion contribution; the other

Table 2. Key Bond Lengths (in Å) of the Reactant Complex (RC) and Transition State (TS) for One-Carbon-Shorter Substrate
7 and Pristine Substrate 1 Involved in Reactions 1−4

RM−N(Py)/RM−N(amide)

substrate: 1b 1a 7b 7a

metal: Ni Pd Ru Cu Ni Pd Ru Cu

RC 1.90/1.84 2.04/1.97 2.06/2.04 1.99/1.94 1.89/1.93 2.02/2.05 2.05/2.21 1.93/2.02
TS 1.93/1.83 2.08/1.95 2.13/2.03 2.06/1.90 2.02/1.82 2.24/1.94 2.23/2.01 2.07/1.93
ΔRTS−RC 0.03/−0.01 0.04/−0.02 0.07/−0.01 0.07/−0.04 0.13/−0.11 0.22/−0.11 0.18/−0.20 0.14/−0.09
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component is the thermal Gibbs free energy correction,
ΔΔGGibbs, that includes the entropic contribution. The results
shown in Table 3 demonstrate clearly that ΔΔGGibbs is the
dominant component of ΔΔG. For example, in the Ru(II)-
catalyzed C−H bond activation reaction (reaction 3), the
ΔΔGGibbs in 8b contributes 16.0 kcal/mol to ΔΔG (14.8 kcal/
mol), as compared with the −1.2 kcal/mol contribution from
ΔΔE.

4. CONCLUSIONS

In summary, in this work, we have systematically studied and
analyzed the factors that affect the reactivity of transition-metal-
promoted C(sp2)−H activation assisted by N,N-bidentate
directing groups. The reactions under study cover the most
representative transition metals employed in C(sp2)−H
activation by N,N-double coordination strategy, including Ni,
Pd, Ru, and Cu, and a plethora of substrates are investigated.
Through a theoretical approach characterized by comparison
between different substrates, we found that (1) quinolinyl
directing groups are generally more reactive than pyridinyl ones
because the former bind metal more tightly. (2) In the two
coordination sites of the N,N-bidentate directing group, the
one proximal to the C−H bond to be activated influences the
C−H activation barrier more, whereas the distal site affects the
substrate binding energy more. (3) Enlarging/shrinking the
chelation ring of N,N-bidentate directing groups can exert
different effects on the reactivity, depending on the metal
identity and the ring size. (4) Bidentate chelation generally
leads to a tighter substrate binding. These findings and
rationales for reactivity are consistent with all the relevant
experimental results to date. In addition, our theoretical
prediction for reactivity of a substrate is confirmed by the
experiment conducted in this work, which lends more credence
to the theory. The rationale behind the N,N-bidentate directing
group strategy revealed in our work would help one to better
understand and improve this promising C−H activation
approach. Further extensions of the reactivity theory obtained
in this work to other types of bidentate directing groups as well
as to inert C(sp3)−H activation are appealing. These studies
utilizing the informative theoretical approach of comparative
analysis presented in this work are currently underway in our
laboratories.
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