]O C‘The Journal of Organic Chemistry

pubs.acs.org/joc

Mechanism of Nickel-Catalyzed Selective C—N Bond Activation in
Suzuki-Miyaura Cross-Coupling of Amides: A Theoretical

Investigation
Liu (Leo) Liu,'{‘

Peng Chen,’ Ying Sun,” Yile Wu,” Su Chen,” Jun Zhu,** and Yufen Zhao*"

"Department of Chemistry, College of Chemistry and Chemical Engineering, Key Laboratory for Chemical Biology of Fujian
Province and *State Key Laboratory of Physical Chemistry of Solid Surfaces and Fujian Provincial Key Laboratory of Theoretical and
Computational Chemistry, College of Chemistry and Chemical Engineering, Xiamen University, Xiamen, 361005 Fujian, China

© Supporting Information

ABSTRACT: In textbooks, the low reactivity of amides is
attributed to the strong resonance stability. However, Garg and
co-workers recently reported the Ni-catalyzed activation of
robust amide C—N bonds, leading to conversions of amides
into esters, ketones, and other amides with high selectivity.
Among them, the Ni-catalyzed Suzuki-Miyaura coupling
(SMC) of N-benzyl-N-tert-butoxycarbonyl (N-Bn-N-Boc)
amides with pinacolatoboronate (PhBpin) was performed in
the presence of K;PO, and water. Water significantly enhanced
the reaction. With the aid of density functional theory (DFT)
calculations, the present study explored the mechanism of the
aforementioned SMC reaction as well as analyzed the
weakening of amide C—N bond by N-functionalization. The
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most favorable pathway includes four basic steps: oxidative addition, protonation, transmetalation, and reductive elimination.
Comparing the base- and water-free process, the transmetalation step with the help of K;PO, and water is significantly more
facile. Water efficiently protonates the basic N(Boc) (Bn) group to form a neutral HN(Boc) (Bn), which is easily removed. The
transmetalation step is the rate-determining step with an energy barrier of 25.6 kcal/mol. Further, a DFT prediction was carried
out to investigate the full catalytic cycle of a cyclic (amino) (aryl)carbene in the Ni-catalyzed SMC of amides, which provided

clues for further design of catalysts.

B INTRODUCTION

Activation of strong chemical bond is a fascinating topic. The
C—N bond is one of the most crucial and ubiquitous chemical
bonds, which exists in a number of chemicals ranging from
small molecules (eg, amines and amides) to biomacromole-
cules (e.g, protein).” The amide C—N bond is well-known to
be fairly inert under a variety of reaction conditions owing to
resonance stabilization,'” thereby giving rise to the difficulty of
modification of amide C—N bond. Enzymes have been found
to be capable of breaking amide linkages in nature.” However,
synthetically, widely used functionalization of amide C—N
bonds mainly involved in the transformation of amides to
aldehydes® or electrophilic intermediates,” which could be
further modified. These traditional methods usually suffer from
relatively strict reaction conditions and low selectivity (e.g, the
corresponding alcohols and amines as byproducts).

The direct metal-catalyzed activation of robust amide C—N
bonds is a long-standing target for chemists.’ Gratifyingly, it
was achieved by Garg, Houk, and co-workers in 2015. They
successfully developed the Ni-catalyzed selective activation and
conversion of amides into esters in a one-step process,7
marking a milestone in direct amide-to-ester transformations.
Following this, Garg et al. reported the Ni-catalyzed SMC of
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amides,™ Ni-catalyzed alkylation of amide derivatives™ and the
Ni-catalyzed two-step conversion of one amide to another.*
These important breakthroughs not only offer new synthetic
protocols for the conversion of amides to other valuable
compounds, but also demonstrate the powerful and fascinating
ability of nonprecious transition metals for highly selective
cleavage of traditionally “inert” chemical bonds. Independently,
the groups of Szostak” and Zou'’ showed Pd-catalyzed direct
acylative Suzuki couplings of geometrically distorted cyclic
imides and arylated mixed imides, respectively. Szostak and co-
workers investigated a new generic mode of activation of amide
C—N bonds in twisted amides by geometrlc distortion.""

In the Ni-catalyzed SMC of amides,**N-Bn-N-Boc amide
could be efficiently converted into the corresponding ketone in
the presence of PhBpin with Ni(cod),/SIPr as the catalytic
system at SO °C (Figure 1, top). On the basis of the previous
reports of Ni-catalyzed cross-coupling reactions,”'>'* a possible
mechanism has been proposed (Figure 1, bottom), involving
three basic steps: oxidative addition, transmetalation, and
reductive elimination. The selective C—N bond activation of
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Figure 1. Ni-catalyzed SMC of amides and plausible mechanism.

amides occurs to obtain intermediate A. Subsequent trans-
metalation via a four-membered transition state TS gives
intermediate B, which undergoes the reductive elimination to
provide the experimentally observed cross-coupling product.
Although the aforementioned mechanisms are plausible, many
important details have not been investigated. These include the
following: (i) which species is the resting state in the catalytic
cycle? (ii) Which step is the rate-determining step? (iii) Why
does oxidative addition take place selectively? (iv) What is the
crucial role of the base and water? Therefore, we have used
DFT calculations to explore the mechanisms in depth. Our
results provide hints for further design of transition metal
catalysts, which could activate other “inert” chemical bonds.

B COMPUTATIONAL METHODS

All the DFT calculations were performed with the Gaussian 09
software package.'* Optimizations of structures with frequency
calculations were carried out with the MO6 functional,’® and a
mixed basis set employing D95v(d)'® for C, H, B, N, and O and
LANL2DZ" for P, K, and Ni was used. Polarization functions were
added for P (£, = 0.387) and Ni (& = 3.130).'® Transition states with
only one imaginary frequency were examined by vibrational analysis
and then submitted to intrinsic reaction coordinate (IRC)'’
calculations to ensure that such structures indeed connected two
minima. Energies in solution (toluene) were calculated by means of
single-point calculations (IEF-PCM method with the Bondi radii)*’
with the same functional using the SDD*' pseudopotential for Ni and

the extended 6-311++G(2d,p)>* basis set for the other atoms. The gas-
phase geometry was used for all of the solution-phase calculations. A
similar treatment was also used in many recent computational
studies.”” The free energy correction from the frequency calculation
was added to the single-point energy to obtain the free energy in
solution. All of the solution-phase free energies reported herein
correspond to the reference state of 1 mol/L, 298 K. The bond
dissociation energies (BDEs) were calculated at the M06/6-311+
+G(2d,p) level of theory in the gas-phase. Natural bond orbital
(NBO) calculations were carried out using the NBO 5.9 program24 at
the M06/6-311++G(2d,p)//M06/D95v(d) level of theory. Optimized
structures were visualized by the CYLview program® or Chemcraft.*®

B RESULTS AND DISCUSSION

Strong Bonds Made Weaker: Weakening of Amide C—
N Bond. In the experiments, the N-Boc-activated secondary
amides were found to be the best reaction partners.”* For a
better understanding of the preactivation of amide C—N bond,
natural bond orbital (NBO) calculations at the M06/6-311+
+G(2d,p) level of theory were carried out. Figure 2a depicts the
resonance structures of amides, showing the resonance stability.
The second-order perturbation theory of the NBO method
demonstrates a significantly strong m-electron delocalization
from the p-type N lone pair to the polar C—O z* antibond
with a donor—acceptor stabilization energy E® of 67.0 keal/
mol (Figures 2b and 2d, entry 1). Selected natural localized
molecular orbital (NLMO) is shown in Figure 2c, which
displays the highly delocalized 7 bond contributions from the
nitrogen atom (84.3% at N, 8.9% at C, and 3.6% at O; R! = R?
= R? = Me). It is interesting to note that the donor—acceptor
stabilization energy E® of a-alkyl amide (67.0 keal/mol; Figure
2d, entry 1) is much higher than that of a-aryl amide (33.7
kcal/mol; Figure 2d, entry 2), indicating a-aryl substituents
could weaken the amide C—N bond. Accordingly, the amide
bond dissociation energy (BDE) of a-alkyl amide (89.2 kcal/
mol) is slightly higher than that of a-aryl amide (86.7 kcal/
mol). Furthermore, the substituents at the nitrogen atom of the
amide bond are crucial. The 7-electron-withdrawing Boc group
could efficiently prevent the donation from the N lone pair to
the amide polar C—O 7* antibond, leading to a weaker amide
C—N bond (Figure 2d, entries 3—4).

In a brief summary, the amide C—N bond of the N-Bn-N-
Boc a-phenyl amide (Figure 2d, entry 4) has been preactivated
due to the weakening of n(N)-z*(C—0O) hyperconjugation,

.o @..
10 L R? 70 @R? - i
YN = =N (
R R? R ‘Rs
lone pair of N C-O m*
(a) (b) (c)
entry amide E@ amide bond energy
1 R'=R?=R%®=Me 67.0 89.2
2 R'=Ph R?=R®=Me 33.7 86.7
3 R'=Me, R?=Boc, R?=Bn 41.4 86.9
4 R'=Ph, R?=Boc, R®=Bn 24.3 85.7

Figure 2. (a) The resonance structures of amide. (b) Donor NBO
theory analysis. (c) Selected NLMO. (d) Stabilization energy EC
energies are given in kcal/mol.

(d)
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glone pair of N) and acceptor NBO (C—O 7*) for the second-order perturbation
(kcal/mol) from the second-order perturbation theory analysis. Amide bond
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Figure 3. Free energy profile (kcal/mol) for the oxidative addition step of Ni-catalyzed SMC of amides. In the 3D structures, selected bond lengths

are given in angstroms.
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Figure 4. Free energy profile (kcal/mol) for the base- and water-free transmetalation step (Path A) of Ni-catalyzed SMC of amides.

presumably making the next oxidative addition less energy-
demanding.

Oxidative Addition: Thermodynamically Favored
Chemoselectivity of Amide C—N Activation. In this
section, the oxidative addition of Ni®(cod),/SIPr with N-
Boc-activated secondary amide 1 was investigated (Figure 3).
In the experiments, catalytic Ni(cod), (5%) and SIPr (5%)
were identified in a molar ratio of 1:1. We assume that an 7>

intermediate IN1 (—1.7 kcal/mol) is formed initially via ligand
exchange, where the SIPr ligand and amide 1 coordinate to
Ni®. Note that there are three C—N bonds in IN1 that can be
activated. Thus, we have explored the plausible reaction
pathways that involve the activation of C(O)—N, Boc—N,
and Bn—N bonds.

Three concerted transition states (Figure 3, bottom) were
located involving the cleavage of C(O)—N (TS1A), Boc—N
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(TS1B), and Bn—N (TS1C) bonds of IN1, leading to the
formation of IN2A, IN2B, and IN2C, respectively. The free
energies of TS1A (12.9 kcal/mol) and TS1B (12.5 kcal/mol)
are much lower than that of TS1C (29.3 kcal/mol). Therefore,
the activation of the Bn—N bond is kinetically unfavorable to
take place.

It is important to understand why no cross-coupling product
from the Boc—N activation was observed experimentally, given
that the very small energetic difference between TSIA and
TS1B. The IRC calculations reveal that a tetracoordinated
intermediate IN2A (—13.8 kcal/mol) is formed via TSI1A,
whereas a much less stable tricoordinated IN2B (—4.2 kcal/
mol) is generated via TS1B. As a result, the barrier from IN2A
to TS1A is 26.7 kcal/mol, which is 10.0 kcal/mol higher than
that (16.7 kcal/mol) from IN2B to TS1B. This indicates that
oxidative addition of Boc—N to Ni® is a readily reversible
process, whereas it is an irreversible process for oxidative
addition of C(O)—N to Ni”), Overall, the formation of IN2A is
thermodynamically and kinetically favored. These results
explain why the cross-coupling product from the C(O)-N
activation was solely generated.

Transmetalation: Key Role of the Base and Water. We
next turned our attention to the transmetalation step.
Experimentally, conversion into the desired ketone product
was not observed without the presence of K;PO,. Moreover,
water (2 equiv) could efficiently promote the reaction.” To
understand the key role of the base (in this case K;PO,) and
water, we first investigated the base- and water-free trans-
metalation (Figure 4, path A). The approach of PhBpin toward
IN2A generates the complex IN3A (6.9 kcal/mol) by the
agostic interaction of Ni center and the H atom of phenyl
group of PhBpin. Subsequently an intermediate IN4A (24.6
kcal/mol) is formed with the lone pair of N and 7 bond of
phenyl group coordinated to B and Ni centers, respectively.
Finally, a very late four-membered ring transition state TS3A
occurs with the cleavage of C—B bond, leading to the formation
of a thermodynamically highly unstable species INSA (40.6
kcal/mol), where the phenyl group becomes exclusively bonded
to Ni. The energy of TS3A (41.1 kcal/mol) is 54.9 kcal/mol
higher than that (—13.8 kcal/mol) of IN2A. Evidently, these
results demonstrate that the transmetalation would not take
place in the absence of base and water, in line with the
experimental observations.

In Pd- and Ni-catalyzed reactions, many studies have shown
that the base played a crucial role in the transmetalation
step.'””” For example, in the thorough DFT calculations of Ni-
catalyzed SMC reactions of aryl esters, Liu et al."** and Houk,
Snieckus, Garg et al."" independently reported that the active
species in the transmetalation step were borate anions
(ArB(OH);"~) generated in situ from arylboronic acid, water,
and K;PO,. Shi et al. observed the formation of borate from
aryloxylate and boronic acid derivatives."** It is important to
note that very recently three pretransmetalation intermediates
in the Pd-catalyzed SMC reaction, featuring Pd—O—B linkages,
were observed and characterized using low-temperature rapid
injection nuclear magnetic resonance spectroscopy by Denmark
and Thomas,”** which could subsequently transfer their boron-
bonded aryl groups to a coordinatively unsaturated Pd center.
Additionally, we proposed a new borophosphate species that
may participate in the transmetalation step.'*

On the basis of the above analysis, the interaction between
PhBpin and K;PO, should exist in equilibrium with the
corresponding adduct A1 (Figure S, top), while in the presence
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0 969 o
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Figure 5. Formation of possible active species Al and A2 that may be
involved in the transmetalation step of the Ni-catalyzed SMC of
amides. Bond lengths are given in A. WBIs are given in parentheses.

of water, KPhBpinOH A2 could be formed coupled with
K,HPO, (Figure 5, bottom).*® The calculations reveal that the
C—B bonds in both Al (1.636 A) and A2 (1.621 A) have
elongated compared with that (1.547 A) of PhBpin, thus
resulting in the weakening of C—B bonds, which is supported
by the Wiberg bond indices (WBIs) of C—B bonds (A1:0.76,
A2:0.80, PhBpin: 0.90).

Considering that a free charged species hardly exists in less
polar organic solvents like toluene, neutral species Al and A2
were selected as the model active species, which would be
involved in the catalytic cycle to carry on the transmetalation
step. In addition, as we,13d Suzuki and Miyaura,29 Percec,”
Han,”" and Fu’® have proposed that the phosphate anion may
coordinate to the metal center in some transition metal
catalysis, we proposed six plausible pathways for this process
(Figure 6, Paths B—G).

Initially, the dissociation of the carbonyl oxygen of Boc group
in IN2A occurs to provide a vacant site, simultaneously
facilitating A1 or A2 coordination. In the paths B and C
(Figures 6 and 7), two transition states with the direct C—B
bond cleavage/Ni—C bond formation, TS2B (23.3 kcal/mol)
and TS2C (26.8 kcal/mol), are located when Al and A2
approach IN2A (—13.8 kcal/mol), respectively. The lengths of
C—B bonds in TS2B (2.215 A) and TS2C (2.142 A) are much
longer than that (1.547 A) of PhBpin (Figures 5 and 7). The
high overall activation barriers (37.1 and 40.6 kcal/mol, relative
to IN2A) indicate the difficulty of proceeding for both paths B
and C, especially under the experimental conditions (50 °C and
24 h in toluene).>

Since the —N(Boc) (Bn) group in IN2A could combine with
K* from Al or A2 followed by removal of a KN(Boc) (Bn) salt,
we examined the possibility of paths D and E (Figures 6 and 8),
including two basic steps (salt metathesis and C—B bond
cleavage). Efforts were made to identify a transition state
involving the salt metathesis but all attempts failed. However,
the significantly unstable intermediates IN3D (23.1 kcal/mol)
and IN3E (194 kcal/mol), containing Ni—O—B linkages,
suggest that these steps are thermodynamically unfavorable.
Moreover, although the barriers for the subsequent cleavage
steps from IN3D and IN3E are only 13.4 and 12.5 kcal/mol,
the overall barriers are 50.3 (IN2A—TS2D) and 45.7 kcal/mol
(IN2A—TS2E), respectively, implying that paths D and E are
highly impossible. The high energies of both TS2D (36.5 kcal/
mol) and TS2E (31.9 kcal/mol) might be mainly attributed to
the ring strains of the four-membered ring transition states.
Note that in path D there are four P-bearing oxygen atoms that
can bond to the Ni center. However, in careful searches starting
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Figure 6. Six plausible pathways for the base- and water-assisted transmetalation step of Ni-catalyzed SMC of amides.
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Figure 7. Free energy profile (kcal/mol) for the base- and water-assisted transmetalation steps (Paths B and C) of Ni-catalyzed SMC of amides.

Bond lengths are given in

from various isomers, we found that the free energy of TS2D is
the lowest (See the Supporting Information for details).
Water is known to participate in the cross-coupling catalytic
process."*”** Shi and co-workers®** reported that the amount
of water plays an essential role in promoting the transformation
step of Ni-catalyzed C—O activation of phenolic carboxylates.
Garg, Snieckus, Houk, and co-workers'®” showed that water
can coordinate to Ni, which thus stabilizes the resting state of
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Ni-carbamate catalyst. Inspired by the intriguing results, paths F
and G were explored (Figures 6, 9, and 10), in which water can
coordinate to the Ni center of IN2A, followed by protonation
of =N(Boc) (Bn). After release of HN(Boc) (Bn), transition
states involving C—B bond cleavage/Ni—C bond formation
would take place to complete the transmetalation step.

Figure 9 depicts the free energy profile for the water- and
K;PO,-assisted transmetalation step. First, the approach of a

DOI: 10.1021/acs.joc.6b02093
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water molecule complexed with Al toward IN2A results in the
formation of an intermediate IN3F (—7.1 kcal/mol), where one
of the O—H bonds of water binds with nitrogen atom of
N(Boc) (Bn) via a hydrogen bond (1.801 A). Next, a very facile
protonation step occurs with a four membered ring transition
state TS2F (—5.5 kcal/mol), involving the cleavage of O—H
bond and the formation of both N—H and Ni—O bonds. In the
ensuing intermediate IN4F (—7.9 kcal/mol), the Ni—N bond
(2.060 A) becomes much longer compared to that (1.911 A) of
IN3F, which is an indication of a weakening of the Ni—N bond.
Indeed, a more stable intermediate INSF (—10.5 kcal/mol) is
formed by the release of a neutral HN(Boc) (Bn) molecule. In
INSF, the hydroxyl group is in the trans-position of SIPr ligand.
The C—B bond length (1.633 A) is similar to that (1.636 A) of
Al (Figures S and 9). Lastly, the K,PO,-assisted trans-
metalation step takes place through a transition state TS3F
(11.8 kcal/mol) with an overall activation barrier of 25.6 kcal/
mol (IN2A—TS3F). The final process is highly exergonic,
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leading to the generation of IN6F (—27.5 kcal/mol).
Importantly, potassium cations are possibly complexed with
the excess water molecules in this transformation. We further
modeled the process employing complexation of water and
potassium cations (see the Supporting Information for details).
However, the results show that the energies in the protonation
and transmetalation steps do not differ significantly.

Similarly, the water- and KOH-assisted transmetalation has
also been investigated, starting from the removal of a K,HPO,
salt (Figures 6 and 10). The activation energies of the
protonation and transmetalation are computed to be 13.4
(IN2A—TS82G) and 30.9 kcal/mol (INSG—TS3G), respec-
tively. The higher energy [5.3 kcal/mol relative to TS3F (11.8
kcal/mol)] of TS3G clearly shows that path F is the most
favorable process for the transmetalation step of Ni-catalyzed
SMC of amides. Additionally, water-assisted transmetalation
process with the absence of K;PO, has been investigated,
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Figure 13. Free energy profile (kcal/mol) using CAArC as the ligand.

showing an activation barrier of 29.9 kcal/mol (see the
Supporting Information for details).

According to above analysis, one can realize that the
cooperation of water and K;PO, plays a key role in the
transmetalation step (Figure 9). Water can efficiently protonate
the basic N(Boc) (Bn) group to form a neutral HN(Boc) (Bn)
for easy removal. The ensuing hydroxyl together with Al can
stabilize the intermediate INSF and the transition state TS3F,
making the transmetalation step easier compared to other
pathways (Figures 6—10).

Reductive Elimination: Recycling the Catalytically
Active Species IN1. Finally, similar to the reports by Grag
and Houk,” the reductive elimination step illustrated in Figure
11 is found to be not energy-demanding. After removal of the
BpinPO,K;OH species, a tricoordinated Ni(II) complex IN7
(—17.2 keal/mol) is generated. Subsequently a very early three-
membered ring transition state TS4 with an activation energy
of 11.0 kcal/mol (IN6F — TS4) is identified, which then leads
to the formation of a stable Ni(0)-7* complex IN8 (—30.2 kcal/
mol). The final product extrusion completes the catalytic cycle
to regenerate IN1.

Full Catalytic Cycle. As shown in Figure 12, the
mechanism of the overall catalytic cycle includes four major
steps (oxidative addition, protonation, transmetalation, and
reductive elimination). Overall, the rate-determining transition

state with the free energy of 11.8 kcal/mol is TS3F. The energy
barrier of the transmetalation step (rate-determining step) is
25.6 keal/mol (relative to IN2A), which is much higher than
those of oxidative addition (14.6 kcal/mol), protonation (8.3
kcal/mol), and reductive elimination (11.0 kcal/mol). Thus,

11693

IN2A (—13.8 kcal mol™") is the resting state in the catalytic
cycle. The calculation results are in excellent agreement with
the experimental observation that the Ni-catalyzed SMC of
amides was carried out at 50 °C.*

DFT Prediction. N-Heterocyclic carbenes (NHCs) and
cyclic (alkyl) (amino) carbenes (CAACs) are prominent
ligands for transition metals, which has led to a variety of
breakthroughs in the field of homogeneous catalysis.”> For
example, the groups of Fiirstner,”® Bertrand,”’ Cazin,*® and
Zeng”’*” showed that the z-acceptor properties of carbene
ligands influence the outcome of transition-metal-catalyzed
reactions. This effect is mainly attributed to the non-negligible
7 back-donation from the d-electrons of transition metals to the
vacant orbital of carbene centers.*

Encouraged by recent achievements in theoretical predic-
tions,"" we evaluated the full catalytic cycle of a cyclic (amino)
(aryl)carbene (CAArC)*”* in Ni-catalyzed SMC of amides
computationally. Because the experimentally used SIPr is a
strong o-donor ligand with poor 7-accepting ability,"” a CAArC
featuring different property (similar strong o-donating but
enhanced 7-accepting ability) was chosen (Figure 13). The
energetic span model (ESM) developed by Kozuch and Shaik**
was employed to analyze full catalytic cycles since the turnover-
frequency (TOF) analysis enables the identification of the best
catalyst for a given catalytic cycle. Free energies were used to
calculate the energy span (SE)***’ that serves as the apparent
activation energy of catalytic cycle.

According to the ESM, in the case of the SIPr ligand (Figure
12), TS3F and IN2A are the TOF-determining transition state
(TDTS) and TOF-determining intermediate (TDI), respec-
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tively. The apparent activation energy of the catalytic cycle is
25.6 kcal/mol, which is 5.3 kcal/mol higher than that (20.3
keal/mol) of the CAArC ligand [Figure 13, TS3F-c (TDTS),
and INSF-c (TDI)]. This difference corresponds to a relative
TOF,,(CAArC/SIPr) of 3.9 X 10° thus suggesting that
utilizing the CAArC ligand would result in improved results
in the Ni-catalyzed SMC of amides. Note that the relative
energy of IN2A (—13.8 kcal/mol) is much lower than that (1.4
kcal/mol) of IN2A-c, which is the main cause for the difference
of the apparent activation energy. Figure 14 depicts the

IN2A IN2A-c

Figure 14. Optimized structures of IN2A and IN2A-c. Bond lengths
are given in A

optimized structures of the oxidative addition products IN2A
and IN2A-c, which feature tetracoordinated and tricoordinated
Ni(II) centers, respectively. The enhanced z-accepting ability of
CAArC superiorly allows to stabilize the low coordinated
Ni(II) center of IN2A-c,"* while no stable tricoordinated
isomer of IN2A could be located using SIPr as the ligand.

Bl CONCLUSION

Ni-catalyzed selective activation of amide C—N bond paves the
way for the cross-coupling reactions of amides. Thorough DFT
calculations were performed to study the mechanism of the
SMC reaction of amides. Not only do the results demonstrate
how such interesting reactions proceed, but also provide clues
on how to manipulate traditionally inert chemical bonds. First,
the NBO analysis suggests that the amide C—N bond of the
experimentally used N-Bn-N-Boc a-phenyl amide has been
preactivated due to the weakening of n(N)-z*(C—0O) hyper-
conjugation.

Second, we show that the overall catalytic cycle of this newly
discovered reaction includes four basic steps (oxidative
addition, protonation, transmetalation, and reductive elimi-
nation). In the oxidative addition step, the Ni-catalyzed
selective cleavage of the amide C(O)—N bond is more
thermodynamically and kinetically favored, compared with the
processes of cleavage of Boc—N and Bn—N bonds. The
transmetalation is the rate-determining step with an activation
barrier of 25.6 kcal/mol, in which the base K;PO, and water
play crucial roles. The basic N(Boc) (Bn) group could be
efficiently protonated by water, giving a neutral HN(Boc) (Bn)
for easy removal. The ensuing hydroxyl coupled with Al enable
stabilization of the intermediate INSF and the transition state
TS3F. The protonation and reductive elimination steps were
found to be not energy-demanding.

Lastly, a DFT prediction was carried out to investigate the
full catalytic cycle of a CAArC in Ni-catalyzed SMC of amides.
On the basis of the ESM, computationally, the CAArC
performs better in the Ni-catalyzed SMC of amides. Our

results provide hints for further design and development of
efficient catalysts, which may have a positive impact on
sustainable chemistry."
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