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Overlooked potential of N,N-bidentate directing-
groups in Ni-catalyzed C–H functionalization of
benzamides†

Weirong Wu, a Xufang Zhao,c Guang Chen, c Lingjun Liu,f Yulin Li,b Tao Chen,b

Tony D. James *de and Yuxia Liu *c

The Ni-catalyzed reactions of benzamides with bicyclic alkenes

were explored using DFT calculations. An unprecedented ‘‘N–H

deprotonation circumvented’’ catalytic mechanism was proposed,

over the more common N–H/C–H activation mechanism, in which

(i) the circumvention of N–H deprotonation ensures the presence

of N–H� � �O hydrogen bond interaction, thereby stabilizing the

critical ortho-C–H functionalization TS; and (ii) the N–H moiety

retention results in a weak N� � �Ni r-coordination, which is flexible

to the configurational conversion during the key alkene insertion.

These overlooked aspects of the functionalized N,N-bidentate

directing groups will aid the design of new related catalytic

reactions.

Transition-metal catalyzed C–H functionalization reactions
have proven to be one of the most powerful and promising
approaches for the construction of C–C and C–heteroatom
bonds due to significant step- and atom-economy.1 The key
challenge in exploring these reactions is how to discriminate
multiple C–H bonds present in the reactant molecules. Con-
siderable efforts have been devoted to incorporating directing
groups (DGs) into the substrate2 to achieve site-selective C–H
activation,3 in which, bidentate DGs are vital owning to their

enhanced ability to achieve selective ortho-C–H functionaliza-
tion, which is not possible using monodentate DGs.4 Since the
seminal work by Daugulis et al.,5 N,N-bidentate DGs have been
widely used for C–H functionalization of aromatic amides
catalyzed by various transition-metals complexes involving Ni,
Co, Ru, Rh, Cu, and Pd.6 Among these C–H activation protocols,
the coupling partners include alkynes, alkenes, and a wide
range of halides etc.,7 significantly expanding the applications
of these transformations.

Mechanistically, it is generally accepted that this type of
reaction involves the programmed cleavages of the N–H and
ortho-C–H bonds to form a metallacycle species as a key
intermediate (Scheme 1A),8 in which, the N–H cleavage is an
indispensable step to direct ortho-C–H activation. A series of
computational studies have been successively established for
these reactions with alkynes,9 arynes,10 halides11 and I2,12

where minimal divergence from the commonly accepted
mechanism is observed.

Recently, using the 8-aminoquinoline(8-AQ) as a N,N-
bidentate DG, Chatani et al. reported the Ni-catalyzed nonacidic

Scheme 1 (A) Commonly reported mechanism for transition-metal cat-
alyzed C–H activation of amides utilizing the N,N-bidentate directing
group. (B) Ni-catalyzed reaction of N-(quinolin-8-yl)benzamide 1 with
norbornene 2 reported by Chatani et al.13
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C–H functionalization of aromatic amides with bicyclic
alkenes13 to produce 1-indanone derivatives as potential phar-
maceuticals for the treatment of Alzheimers,14 Parkinson’s
diseases15 and hepatitis C virus.16 A representative reaction is
given in Scheme 1B, where N-(quinolin-8-yl)benzamide 1 and
norbornene 2 in chlorobenzene at 140 1C produces the cyclic
product P in high yield. However, a preliminary DFT examina-
tion (see the Computational details in the ESI†) for the reaction
in Scheme 1B indicates that the generally accepted N–H/C–H
activation mechanism is not operable under the given condi-
tions due to high energy barrier (over 37 kcal mol�1 in Fig. 1).
Thus, further theoretical explorations are required to unveil the
mechanistic puzzle, and specially, the potential of the N,N-
bidentate DG involved, which would be particularly useful for
designing related catalytic reactions.

For the representative reaction in Scheme 1B, we first
calculated the free-energy profile along the N–H/C–H activation
pathway in Fig. 1. The reaction is initiated by the coordination
of Ni(OTf)2 with BINAP ligand (denoted as L) to generate the
complex IM1. Following participation of 1 and AgOAc, the N1–H
deprotonation smoothly occurs via the cyclic transition state
TS2-3 with a barrier of only 1.9 kcal mol�1, affording inter-
mediate IM3. Upon LAgOAc addition to give IM4 after releasing
LAgOTf and HOAc,17 a OAc-assisted concerted metalation-
deprotonation (CMD) gives nickelacycle species IM5.18,19 Sub-
sequently, the C4QC5 bond of 2 inserts into the Ni–C1 bond
forming IM6, a seven-membered energy nickelacycle species,
which further evolves into product P.20 Note that the elemen-
tary step for alkene insertion via TS5-6 has a barrier of
31.7 kcal mol�1 relative to IM5, which, results in an overall
barrier of up to 37.6 kcal mol�1 (the difference between TS5-6
and IM3).9b Obviously, such a high energy barrier is impossible
to accomplish under the given conditions. The main reason
could be attributed to the instability of IM6, in which a seven-
membered nickelacycle is involved. After N1–H deprotonation,
compared with the previous weak Ni–N1 s-coordination, a
strong N1–Ni s-bond forms, which results in a relatively rigid
seven-membered nickelacycle in IM6. Thus, it is not surprising

that a significant energy consumption occurs on formation of
IM6. In this case, the commonly asserted pathway following a
tandem N1–H deprotonation/C1–H-cleavage sequence is clearly
not operative for the reaction under consideration and as such
a more reasonable mechanism is required.

To circumvent the rigid seven-membered nickelacycle during
the reaction, based on the theoretical investigation, we tentatively
developed a N1–H deprotonation free mechanism, where an extra
N–H� � �O hydrogen bond interaction is present in the OAc-assisted
CMD process, as well as a weak Ni� � �N coordination in the crucial
alkene insertion step. The proposed mechanism is initiated by
C1–H activation. As shown in Fig. 2, from IM1 in Fig. 1, with the
addition of 1 and AgOAc, the OAc-assisted CMD process proceeds
to afford the five-membered cyclic complex IM8. The C1–H acti-
vated TS, TS7-8, includes a N1–H� � �O hydrogen bond, with a
barrier of 11.8 kcal mol�1 relative to IM1. After the approach of
2 to IM8 with L release to give IM9,21 two elementary steps follow:
the C4QC5 coordination of 2 to the Ni centre (IM9 - IM10) and
then C4QC5 insertion into the Ni–C1 bond (IM10 - IM11),
leading to the alkene inserted species IM11. The transformation
from IM9 to IM11 is relatively facile with a barrier of
15.6 kcal mol�1 (the difference between TS10-11 and IM9).

After alkene insertion, according to Chatani’s proposal,13 the
product P would be obtained via an intramolecular nucleophilic
cyclization followed by C3–N1 cleavage with the assistance of AgOAc.
Our calculated results in Fig. 2 indicate that, from IM11, after the
ligand exchange between L and HOAc,22 this intramolecular nucleo-
philic cyclization takes place via TS12-13, in which, the (Ni-)OTf
moiety is simultaneously transferring to the trans position from the
cis position of the N(H) moiety to keep the planar configuration of
the Ni center.23 This concerted step results in a barrier of
33.0 kcal mol�1 and thus is identified as rate-determining. The
resultant complex IM13 then experiences a facile C3–N1 cleavage
with a barrier of only 2.0 kcal mol�1 and gives rise to structure IM14,
in which P has almost formed. Ultimately, IM14 combines with
HOAc and 1 leading to product P and active catalyst IM2. The
simultaneously obtained quinolin-8-amine 3, as a by-product, is
further oxidized by AgOAc into N-(quinolin-8-yl)acetamide.13

To provide a better understanding on the pathway in Fig. 2,
we performed comparative analyses of the transition states for
two key steps involved in Fig. 1 and 2: the C1–H cleavage and
alkene insertion, and the calculated results are given in Fig. 3.
In the case of the C1–H cleavage process (left column), TS7-8
(including the N1–H� � �O hydrogen bond) is slightly higher in
energy than TS4-5 (TS after N–H deprotonation) (�13.8 vs.
�20.2 kcal mol�1). If no-hydrogen-bond is considered, the
resultant C1–H activation TS, denoted as TS7-80, is energetically
less favorable by 10.1 kcal mol�1 than TS7-8. Thus, it is believed
that the N–H� � �O hydrogen bond interaction involved facil-
itates the stability of TS7-8. From the performed noncovalent
interaction analyses (NCIs),24 one can identify in Fig. 3 (left
column) that a significant N1–H� � �O hydrogen bond interaction
(blue isosurface) is present in TS7-8, but very weak dispersion
interaction (green isosurface) is observed in TS7-80. In general,
the N1–H� � �O hydrogen bond plays a pivotal role on stabilizing
TS7-8.

Fig. 1 Gibbs free energy profile in chlorobenzene solvent along the
pathway forming the product P according to the commonly accepted
route. The free energies are given in kcal mol�1.
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Next, we turned our attention to the alkene insertion step
TSs (Fig. 3, right column). TS10-11 is found to have appreciably
lower free energy than TS5-6, �17.1 vs. �4.8 kcal mol�1, which
was supported by the calculated bond distances. In TS10-11, the
Ni� � �C1 (1.926 Å) is much shorter than 2.022 Å in TS5-6, while
the Ni� � �C4 and Ni� � �C5 (1.976 and 2.132 Å) are longer than the
corresponding distances (1.914 and 1.820 Å) in TS5-6.
Obviously, TS10-11 is easier to surmount than TS5-6. The origin
might be derived from the discrepancy in the Ni–N1 interaction
modes involved. It is noted that TS10-11 features weak Ni–N1

s-coordination, which is flexible to adapt the configurational
transformation resulting from the alkene insertion. In sharp
contrast, the Ni–N1 s-bond is included in TS5-6. Such a rigid
bond brings about a large structural distortion and thus results
in a significant energy penalty for TS5-6. Obviously, the N1–H
retention, due to the lack of N1–H deprotonation, is intrinsi-
cally essential for facilitating the alkene insertion.

In summary, the detailed mechanisms for the Ni-catalyzed
reaction of N-(quinolin-8-yl)benzamide 1 with norbornene 2
have been computationally evaluated. The commonly reported

Fig. 2 Gibbs free energy profiles in chlorobenzene solvent for P formation established in the present work. The free energies are given in kcal mol�1.

Fig. 3 Noncovalent interaction analyses for the C–H cleavage TSs, TS7-8, TS4-5, TS7-80 (left column, isosurface value = 0.01) as well as the geometries
of two alkene insertion TSs, TS5-6 (HOAc is not shown for clarity) and TS10-11 (right column). The free energies are given in kcal mol�1.
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N–H/C–H activation mechanism was found to be kinetically
inaccessible under the given conditions due to the high energy
requirement. In this work, a unique ‘‘N–H deprotonation
circumvented’’ catalytic mechanism is proposed, which high-
lights two properties of the N,N-bidentate group: (i) absence of
N–H deprotonation leading to N–H� � �O hydrogen bond inter-
action, (ii) the N–H moiety retention resulting in N� � �Ni weak
s-coordination. It was found that the N–H� � �O hydrogen bond
interaction facilitates the critical ortho-C–H functionalization,
and N� � �Ni s-coordination contributes significantly to the key
alkene insertion, facilitating the reaction. These aspects have
previously been overlooked, however we expect they may be
important for other relevant catalytic reactions.
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