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The carboxamide functional group has a privileged role in organic and biological chemistry due to its
prevalence and utility across synthetic and natural products. Due to ny = n*co delocalisation, amides and
related functional groups are typically kinetically resistant to degradation. Nonetheless, over the past
decade, transition metal catalysis has transformed our ability to utilise molecules featuring C(acyl)—N units
as reactants. Alongside the burgeoning catalytic applications ranging from CO, utilisation to small mole-
cule synthesis, elucidation of the underlying mechanisms remains a critical ongoing effort. Herein, we
aggregate and analyse current understanding of the mechanisms for C(acyl)-N functionalisation of
amides and related functional groups with a focus on recent developments involving mechanisms unique
to the late transition metals. Discussion is organized around three general mechanistic manifolds: redox-
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neutral mechanisms, 2e~ redox-cycling mechanisms, and mechanisms involving le™ redox steps. For
each class, we focus on reactions that directly involve a transition metal mediator/catalyst in the C(acyl)-
N cleavage step. We conclude with an outlook on the outstanding ambiguities and opportunities for
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1. Introduction

The carboxamide functional group is of central importance
across fields of chemistry and biology. The amidic C(acyl)-N
motif is found in a wide range of organic molecules, pharma-
ceuticals, agrochemicals, and natural products in addition to
forming the essential linkages in proteins and peptides. A
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simple search using SciFinder" returns 6.9 million carboxa-
mide-containing molecules with pharmacological activity and
7.6 million with agrochemical applications. Additionally, car-
boxamides are typically cheap, readily available, and straight-
forward to handle making them attractive functional groups
for synthetic chemistry.

A dominant feature enabling the prevalence of the carboxa-
mide motif arises from the 3-center 4-n delocalisation across
the amidic unit (described as n(N)—-xn*(CO) delocalisation),
which results in resonance stabilization values of 15-20 kcal
mol™ and partial C(acyl)-N double-bond character."* The
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kinetic and thermodynamic penalty for cleaving this C-N
bond thus limits the synthetic transformations accessible from
simple amides compared to other carboxylic acids derivatives
such as acyl halides or anhydrides. As a result, catalysis
(especially transition metal catalysis) plays an important role
in expanding the synthetic utility of amides and related N-acyl
functional groups. Detailed understanding of the mechanisms
by which transition metals enable C(acyl)-N functionalisation
is thus essential to drive continued innovation in methodology
development.

In this Perspective, we have attempted to aggregate and
analyse current understanding of the mechanisms for C(acyl)-
N functionalisation of amides and related functional groups.
We note that molecules bearing stereoelectronically distorted
C(acyl)-N units are often described in the literature as “non-
planar amides” or “twisted amides”, even in cases where a full
description of their bonding may be more complex.® As such,
we focus our discussion specifically on the C(acyl)-N unit
undergoing reaction. We briefly introduce classical approaches
for C(acyl)-N functionalisation before focusing on recent
developments involving mechanisms unique to the late tran-
sition metals. For an exhaustive summary of catalytic C(acyl)-
N functionalisation reactions, we direct the reader to several
reviews focusing on synthetic aspects of these catalytic
strategies® ® and on transition metal-catalysed activation of C-
N bonds more generally.”® While we acknowledge pivotal
reports of synthetic methodologies, our discussion prioritizes
works providing concrete experimental and/or computational
mechanistic insights. As such, the discussion is organized
around general mechanistic manifold, including redox-neutral
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mechanisms, 2e” redox-cycling mechanisms, and mechanisms
involving 1e” redox steps. Specifically, we focus on reactions
that directly involve a transition metal mediator/catalyst in the
C(acyl)-N cleavage step. We conclude with an outlook on the
outstanding ambiguities and opportunities for innovation. It
is our hope that this Perspective article will spur continued
mechanistic investigation to inform the development of
increasingly efficient and versatile strategies for transition-
metal-catalysed C(acyl)-N functionalisation.

2. Classical mechanisms for amide
functionalisation

Most classical mechanisms for functionalisation of amides
rely on nucleophilic acyl substitution strategies. However, as
the least thermodynamically and kinetically activated car-
boxylic acid derivatives, amides typically require activation by
strong Bronsted or Lewis acids coupled with prolonged reac-
tion times at elevated temperatures (Scheme 1A). Depending
on the nature of the N leaving group, this may involve either
(a) nucleophile attack first to generate a tetrahedral intermedi-
ate (i.e. Byc2 or A2 mechanisms), or (b) nucleofuge departure
first to generate an acylium (or ketene) intermediate (i.e.
Sx1 mechanism).’

Many modern approaches have devised stereoelectronic
activating strategies that allow these acyl substitutions to
proceed under milder conditions."® Building on robust foun-
dational work with bridged, bicyclic lactams,"" Szostak and co-
workers have played a pioneering role in development of
acyclic twisted amides that are amenable to both catalytic and
uncatalysed acyl substitution protocols (Scheme 1B).">"* They
have further implemented a combination of spectroscopic

A. Harsh Conditions Historically Required for Amide Substitution
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H., R
R1JLN'R2 P R1J\\N,R2 + f}l
&3 F'{3® high temp R'™ “Nu R3

hours or days
n(N) —=1t*(CO) delocalization
has a LUMO-raising effect

T=1/2(wg + Wy)
Xn = (Wy- w3+ )
Xc = (Wy - w3 + ) Ts

C. Heteroatom Rearrangements on Nitrogen of Anomeric Amides
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Scheme 1 Approaches for stereoelectronic activation of C(acyl)-N
derivatives.
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measurements and computational parameterization to bench-
mark the relative n-electrophilicities of these amide
derivatives."*®

In a conceptually related approach, heteroatom rearrange-
ments on nitrogen (HERON) are well-documented when
amidic nitrogens are directly connected to two electronegative
heteroatoms (Scheme 1C)."*"** The ensuing rearrangements of
these “anomeric amides” have received a resurgence of interest
for generation of reactive isodiazenes in the context of
N-deletion for skeletal editing applications.**™>®

The twisted and anomeric amide approaches typically rely
on modification of the N nucleofuge. Alternatively, installation
of stereoelectronic activating groups on the acyl unit can
enhance acyl transfer reactivity. In one such example, Bao and
coworkers coupled Cu-catalysed aerobic C-H oxygenation
alpha to the carbonyl with subsequent Lewis acid-mediated
transamidation.*® Although this approach involves transition
metal catalysis to generate a reactive carboxamide intermedi-
ate, the metal does not appear to play any direct role in
C(acyl)-N functionalisation of the transient electrophile.

Taken together, these examples highlight both the scope
and limitations of uncatalysed C(acyl)-N functionalisation
strategies. While transition metal catalysis offers increased
mechanistic versatility, strategies for stereoelectronic carboxa-
mide activation—originally developed in the context of purely
organic reactions—are generalizable.

3. Redox neutral mechanisms

In analogy to the nucleophilic acyl substitution mechanism,
transition metals can deliver organometallic nucleophiles
through a redox-neutral or addition-elimination mechanism.
This concept has been examined most thoroughly in the
context of amide hydrogenation, where chemoselectivity for C-
N vs. C-O scission remains a defining challenge.***" In its
simplest form, elimination would be dictated by the relative
rates for elimination of $-H (in the reverse of an initial M-H
insertion step), N, and O (Scheme 2).*>*> However, this model
is incomplete as protodemetallation and collapse of a pur-

R? C-N scission
O/[M] - IMI-N,
4\ R2 H ﬁ\ OH
RIITSNT —
HEY B-N elim R'"TH RWJ\H
[M]—H
(0] ig i OH
JL = mig. ins [ 4\ - - H,NR2
2 < » e -
R! ’}‘ - [M]* R’ H ’}‘ C-O scission
H B-H elim. H -H,0
hemiaminal
OH o _R2 R2
'l\ M - [M]—OH N| HN”
RIS . N
R2 B-O elim. R H R H

Scheme 2 General model for chemoselectivity in amide hydrogenation
controlled by relative rates for elimination from metal-bound and hemi-
aminal intermediates.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Perspective

ported hemiaminal intermediate introduces distinct selectivity
preferences. An intrinsic reactivity bias favouring expulsion of
water poses a substantial challenge in achieving selective C-N
scission, which would be attractive for fine chemical synthesis
and CO, capture and valorisation applications. Nonetheless,
late transition metals bearing pincer-type ligands have shown
promising results favouring C-N bond cleavage. Intriguing
mechanistic observations suggest metal-ligand cooperativity
or outer-sphere proton delivery as key chemoselectivity-deter-
mining factors. These findings thus indicate that it is essential
to consider features beyond the primary coordination sphere.

Milstein and coworkers have developed a series of PNN
pincer ruthenium(u) complexes (such as Ru-1 and Ru-2, where
Ru-2 is the superior precatalyst) for hydrogenolysis of amides,
including the first report of selective C-N scission
(Scheme 3A).%® This reaction is fully reversible, and Ru-1 also
catalyses the dehydrogenative coupling of alcohols with
amines to form amides with liberation of H,.>”*® Based on
established hydrogenation reactivity toward other carbonyl-
containing substrates by related catalysts, a mechanism was
proposed involving metal-ligand cooperation with aromatiza-
tion-dearomatization of the heteroaromatic pincer core partici-
pating both in (i) heterolytic dihydrogen activation and (ii) sub-
strate organization during metal hydride delivery and hemiam-
inal breakdown (Scheme 3B).*® Computational studies from
Cantillo in 2011 provided support for the feasibility of such a
mechanism with Ru-2, albeit with unexpectedly high barriers
for both the computed C-O (+52.2 kcal mol™') and C-N
(+51.0 kecal mol ™) scission pathways.?® Several additional com-
putational studies on the microscopic reverse reaction, dehy-
drogenative coupling of alcohols and amines to generate
amides, reached related conclusions on the role of metal-
ligand cooperation in a bifunctional, double-hydrogen-transfer
mechanism.**"**> However, there was some disagreement on
the specific mode of metal-ligand cooperation proposed, with
Lei, Liu, Schaefer, and coworkers highlighting potential coop-
erative involvement of an additional unit of alcohol
substrate.*?

Since Milstein’s initial report, numerous follow-up works
have evaluated other metals, pincer ligands, and variations in
reaction temperatures and pressures, enabling development of
highly efficient catalysts demonstrating thousands of turnovers
in only a few hours.**? Through kinetic profiling and inde-
pendent synthesis of catalytically active intermediates in the
context of analogous ester hydrogenation reactions, Chianese
and coworkers demonstrated that the tertiary amine PNN®®
ligands utilised in early reports (as in Ru-1) actually undergo
hydrodealkylation to generate the corresponding secondary
amine PNN"™ ligand (as in Ru-4) before entering the catalytic
cycle (Scheme 3C).°*®" Khaskin, Gusev, and coworkers showed
that bipyridine-type PNN ligands (as in Ru-2) similarly
undergo hydrogenation to afford Noyori-type amido complexes
Ru-5 and Ru-6 under typical hydrogenative (and dehydrogena-
tive) reaction conditions (Scheme 3D).®> Accordingly, modify-
ing the PNN pincer arm from a pyridyl or tertiary amine group
to a secondary amine (as in Ru-7) enabled ruthenium-catalysed
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Scheme 3 Development of PNN pincer ruthenium complexes for hydrogenolysis of amides.

amide hydrogenation at lower temperatures and pressures (rt -
45 °C, 5-10 bar H, wvs. 100-150 °C, 10-100 bar H,)
(Scheme 3E).*

Deliberate application of these secondary amine PNN com-
plexes under basic conditions revealed formation of an uncon-
ventional dearomatized ligand tautomer. In contrast to depro-
tonation adjacent to the pincer phosphine arm, which had
been characterized previously with tertiary amine PNN"? com-
plexes, the secondary amine PNN""" complexes instead
formed a doubly deprotonated enamido ligand tautomer (Ru-
9, Scheme 3F).°* From this anionic, dearomatized intermedi-
ate, proton transfer between secondary amide substrates and
the enamido ligand enabled off-cycle formation of an unusual
k-0 coordinated amidate, organized by H-bonding inter-
actions with the ligand (Ru-10).°> When this complex was
treated with H,, a dihydride complex (Ru-11) was formed.
Upon monitoring by "H NMR, only amidate complex Ru-10
(not the dihydride) was observed under catalytic conditions
with a secondary amide substrates. With tertiary amide sub-
strates, dihydride complex Ru-11 was instead observed as the

18806 | Dalton Trans., 2024, 53,18303-13818

resting state.”> The persistence of Ru-11 in this case thus
suggested that initial reaction of the amide substrate via M-H
insertion was the rate-determining step but did not afford any
insights into chemoselectivity-determining features.

Follow-up density functional theory (DFT) studies examined
the role of secondary amine PNN"® ruthenium complexes in
mediating breakdown of the hemiacetal and hemiaminal inter-
mediates formed in ester and amide hydrogenolysis reactions,
respectively, with conflicting results.®"®* The lowest barrier
pathway identified in the absence of explicit solvent involved
H-bonding or proton-transfer from the backbone CH, to the
departing N nucleofuge (Scheme 4A).°* By contrast, inclusion
of explicit ethanol solvation enabled identification of a more
energetically reasonable pathway involving proton transfer
from the PNN secondary amine sidearm to a departing O
nucleofuge (Scheme 4B).°" Additional investigation is necess-
ary to assess whether a similar pathway may be operative for
hemiaminal breakdown.

While additional follow-up studies are clearly needed to
resolve the competing mechanistic proposals for hemiaminal

This journal is © The Royal Society of Chemistry 2024
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A. Amide Hydrogenolysis Modeled without Explicit Solvation
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B. Ester Hydrogenolysis Modeled with Explicit Solvation
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Scheme 4 Competing mechanistic proposals from computational
studies of secondary amine PNN Ru catalysts for hydrogenolysis of
amides and esters.

breakdown with PNN Ru complexes,®® substantial progress has
been made toward the development and understanding of
related pincer iron complexes as catalysts for hydrogenation of
amides, esters, and CO,.°>®” Contemporaneous reports from
the Langer’" and Bernskoetter/Hazari groups®>®® in 2016-2017
described Noyori-type iron complexes such as [(*"PN"'P)Fe
(H),(CO)] (Fe-1, where "*"PN*'P = HN(CH,CH,(P'Pr,)),) for dea-
minative hydrogenolysis (C-N scission) of varied formamides
with impressive initial rates and turnover numbers (TONs >
1000 in 3 hours at 100 °C, 30 atm H,) (Scheme 5A).
Perplexingly, secondary formamide additives were required for
most efficient reactivity of tertiary formamides.>

In 2018, Bernskoetter, Hazari, Nova and co-workers dis-
closed a follow-up study focusing on the mechanism of deami-
native hydrogenation and the basis for this unusual additive
effect with the ""PN™P iron system.®® Based on density func-
tional theory (DFT) calculations and microkinetic modelling,
they validated the intermediacy of hemiaminals formed from
near-thermoneutral insertion into the metal hydride. However,
the mechanism for hemiaminal breakdown varied across sub-
strates, where the lowest-barrier pathway for formanilide
involved cooperative proton transfer and stabilization of the

This journal is © The Royal Society of Chemistry 2024
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Scheme 5 PNP iron catalysed amide hydrogenolysis and substrate-
dependent mechanisms for hemiaminal C—-N protonolysis in a key
chemoselectivity-determining step.

incipient iron amido during a concerted outer-sphere elimin-
ation (Scheme 5B). However, for N,N-dimethylformamide, the
corresponding iron-mediated aminolysis step was instead
kinetically prohibitive as a stepwise process. Based on this
observation, the authors invoked a co-catalytic role for the sec-
ondary formamide additive in assisting with the final elimin-
ation step without the involvement of iron (Scheme 5B). This
finding was particularly significant because it challenged the
conventional assumption that hydrogenation reactivity toward
electron-rich carboxylic acid-derivatives was limited exclusively
by the metal-hydride hydricity. Furthermore, this mechanistic
insight was extended to the rational development of an opti-
mized guanidine co-catalyst (triazabicyclodecene, TBD) that
maximized rates of proton transfer while minimizing catalyst
poisoning and other decomposition processes.””*

Although the examples of amide hydrogenation catalysts
discussed above all involve pincer metal complexes, substan-
tial opportunity for innovation beyond this catalyst space
remains. As a highlight, in 2022, Razayee and coworkers dis-
closed a distinct, 1,10-phenanthroline-2,9-diol-supported
iridium catalyst system (Ir-1) capable of achieving switchable
C-0 and C-N scission of carboxamides (Scheme 6).”> Under
acidic conditions, exclusive C-O scission was observed.
However, when a base was introduced into the hydrogenation
process, chemoselectivity switched to favour C-N scission
instead. The proximity of the ligand protic site near the metal
further proved crucial for this C-N activation. The researchers
hypothesized that these catalysts may rely on a distinct

Dalton Trans., 2024, 53,18803-18818 | 18807


https://doi.org/10.1039/d4dt01829j

Published on 05 August 2024. Downloaded by Y unnan University on 8/24/2025 7:27:22 PM.

Perspective

acidic basic
conditions conditions 4 mol% [Ir]
4 mol% [ir] \jt/Ph 20 mol% N'Pr,Et
HT7N”
H, (40 bar) b H, (50 bar)
THF, 110 °C THF, 110 °C
(= Cp* > -
Me. .Ph OH T 2007 Me=OH
N
| Q Ir. H. .Ph
Ph I "N ~oH + N
+H,0 | d Ph
N\ OH
79% isolated yield [ _ 81% isolated yield
(no MeOH detected) Ir-1 (99% yield MeOH)
Scheme 6 Ir-catalysed amide hydrogenolysis with  switchable

chemoselectivity.

mode of metal-ligand-cooperativity for H, heterolysis and/or
substrate activation. As such, additional mechanistic work is
needed to distinguish the potentially generalizable, chemo-
selectivity-determining features defined by this distinct catalyst
system.

4. 2e” redox-cycling mechanisms

Perhaps the most widely appreciated motivation for pursuing
transition metal catalysis is the opportunity to achieve trans-
formations with no direct organic counterparts through multi-
electron redox changes. As such, it is logical that 2e™ redox-
cycling mechanisms, especially Ni(0/II) and Pd(0/II) catalytic
cycles, are most commonly invoked for non-hydrogenative
C(acyl)-N functionalisation. The typical proposed mechanism
for a M(0/1I) cycle begins with oxidative addition of the electro-
phile into the M(0) catalyst (step i), resulting in the formation
of an acyl metal intermediate (Scheme 7). This intermediate
undergoes transmetallation (step ii) with a nucleophile, and

i @
I R i R'-Nu
1

- + [Z]-Nv —m———> +
R ’}‘R3 - [ZINR?R? R1JLNU +CO
[Z]=H, acylative  decarbonylative
[B], [Zn], etc. coupling coupling
(e} 2 CO g2
R
0 7 (NI
qul\N»Rz L,M—N —— L, LN\
53 / '& R? R! 3
R® - R!
i
/ _— [2—Nu —
L,M° i R? il

~— Z-N
3

0 I 111 1
J ~ LM=NU " iy LaM—Nu =y > RENU
R'™ “Nu 3 +CO
1
RS0 R +L,MO

(i) oxidative addition (ii) transmetallation (iii) reductive elimination
(ii") CO deinsertion (iii') transmetallation (iv') CO insertion (v') reductive elimination

Scheme 7 General 2e™ redox-cycling mechanism proposed for acyla-
tive and decarbonylative coupling reactions with C(acyl)-N electro-
philes. Nu = nucleophile.
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subsequent reductive elimination (step iii) yields the carbonyl-
retentive product. Alternatively, CO deinsertion (step ii’) prior
to reductive elimination (step v') would afford the decarbony-
lated product. Slight variations involving transmetallation
prior to oxidative addition are also possible.

In 2015, the Szostak and Zou groups independently
reported the first examples of palladium-catalysed cross-coup-
ling reactions between twisted amides and boronic acids to
yield carbonyl-retentive ketone products (Scheme 8A and
B).”>’7* Both reports included mechanistic proposals involving
Pd(0)-mediated oxidative addition into the substrate C(acyl)-N
bond, where substrate conversion (and product yield) corre-
lated with the degree of ground-state C(O)-N distortion.
Additionally, Szostak and coworkers detected mono- and bis-
phosphine-supported palladium acyl and aryl species through
electrospray ionization mass spectrometry (ESI/MS) analysis.”
These findings provided supporting evidence that amide
C(acyl)-N bond activation followed an oxidative addition
pathway in this case.

In the same year, the Garg group reported the first Ni-cata-
lysed C(acyl)-N functionalisation of amides.”® Utilizing the
electron-rich SIPr/Ni system (SIPr = 1,3-bis(2,6-di-isopropyl-
phenyl)imidazolidin-2-ylidene), Garg and coworkers success-
fully carried out esterification of weakly activated N-methyl-
benzanilide (Scheme 8C). Based on evaluation of the reaction
coordinate diagram using DFT, they also proposed oxidative
addition to be the rate-determining step in the reaction.”” A
follow-up kinetic modelling study examined the esterification
of N-methyl-benzanilide with (—)-menthol and found that the
kinetic data could be fitted to a series of steps agreeing with
this computational model. This study also identified a com-
petitive unknown pathway for catalyst degradation.”®

Following these pivotal early demonstrations, there have
been numerous reports of Ni”’'%* and Pd”>°>'*>'* and (to a

A. 5 mol% [PACl,(PCy3),] o

(o}
HO),B
N,Ph +( )2 3 mol% PCy; AHJI\A
@ e K,CO3, dioxane, 110 °C

34 examples
- (HO),BNPhT:
(HO), s up to 98% yield
[Zou, 2015]

B. 3 mol% [Pd(OAc),] o]
g 9 (HO),B
s
o]
- succinimide, B,OsH,,
[Szostak, 2015]

12 mol% PCy;+HBF, . J\Arz

34 examples
C. 10 mol% SIPr

r2

K,CO3, B(OH);

THF, 65 °C up to 98% yield

o]

31 examples
up to 94% yield

dipp~NsN~dipp

10 mol% [Ni(cod)],
ROH, PhMe, 80 °C
- HNPhMe
[Houk & Garg, 2015]

Scheme 8 Key early developments in Pd- and Ni-catalysed acylative

coupling using C(acyl)-N electrophiles. Ar = aryl; cod = 1,5-cyclocta-
diene; dipp = 2,6-diisopropylphenyl; Ts = 4-toluenesulfonyl.
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lesser extent) other metal-catalysed'*>*°
and decarbonylative functionalisation of amides.
However, despite these synthetic developments, mechanistic
studies, especially experimental mechanistic studies, have been
comparatively limited.

methods for acylative
2,109,120

4.1 Experimental mechanistic studies with Ni

The first report providing experimental evidence for the acces-
sibility of Ni(u) species by C(acyl)-N bond activation in amides
was reported by Shi and coworkers in 2016.%* They reported a
decarbonylative borylation of amides using Ni(OAc),-2H,0 and
ICy-HCI (ICy = 1,3-dicyclohexylimidazolidene) to generate the
active catalyst in situ.”® Through stoichiometric studies using
[Ni(cod),] in place of Ni(OAc),-2H,O0, they successfully isolated
a bis(NHC)-supported Ni(u) acyl species (Ni-1), which under-
went decarbonylation to form the corresponding Ni(u) aryl (Ni-
2) upon heating (Scheme 9A). Subsequent treatment of Ni-2
with B,nep, (nep = neopentyl glycolato) resulted in the for-
mation of the desired borylated product, thereby confirming
the decarbonylated species as an intermediate in the reaction.
Both Ni-1 and Ni-2 were fully characterized by SC-XRD, and Ni-
1 proved to be an effective catalyst for the net borylation,

A. 10 mol% Ni-1
Me K3PO,, PhMe/CyH Q
N - HNMeBoc, CO Bso
—————
Me Boc 75% yield @ 150 °C O
U )

62% yield @ 120 °C
[Shi, 2016]

\[Ni(cod)z] (1 equiv) BleR

[Ni(cod),] (1 equiv) ICy (2 equiv) K3PO,
ICy (2 equiv) NaO'Bu, KPO, PhMe/CyH, 60 °C
NaO'Bu, K3PO, PhMe/CyH, 50 °C 82% yield
PhMe/CyH, 35 °C 70%”;,“ |
59% yield \
Ny N NN
Cy~"xr"~Cy Cy~"xr"~Cy
0] j/u I
Y—Ni—d ——— > a—Ni—c
Ar PhMe/CyH, 50 °C
Cy~NAIN-CY full conversion Cy~NAIN-CY
— _CO e
Ni-1 Ni-2
B. 10 mol% [Ni(cod),]

10 mol% PEtPh,

TMDSO, PhMe, 130 °C
[Lahiri & Maiti, 2017]

+ + PEtPh,
PEtPh, + I
. Q| \ /,\/I| thEtP—l\lli—CO

O,
] |
N—ni(cod) MS—Nitcod)  Ar-Ni-N
At At o
~ ~v~-Na d
(/ NH Z N H Ni-6
— = Ni-5 observed by IR
Ni-3 Ni-4 characterized by SC-XRD
detected by ESI-MS under catalytically competent
catalytic or stoichiometric conditions @ 130°C

Scheme 9 Experimental evidence for Ni(0/Il) oxidative addition into
C(acyl)-N electrophiles relevant to decarbonylative functionalisation
reactions. Ar = aryl; cod = 1,5-cycloctadiene; ICy = 1,3-dicyclohexyl-
imidazol-2-ylidene; nep = neopentyl glycolato, TMDSO = 1,13,3-
tetramethyldisiloxane.
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further supporting the catalytic relevance of the isolated
species.

Soon thereafter in 2017, Lahiri, Maiti, and coworkers
reported detection by ESI-MS of cod-supported Ni(u) acyl
species (Ni-3 and Ni-4) in the context of a phosphine/Ni-cata-
lysed  deamidative  reduction of N-acyl pyrazoles
(Scheme 9B)."" The authors also validated the formation of
Ni(CO),(EtPPh,), (Ni-6) by IR spectroscopy and SC-XRD and
demonstrated that the Ni(CO),(EtPPh,), adducts were chemi-
cally competent for the reductive transformation at high temp-
eratures (130 °C).

In 2023, both the Kennedy'** and Morandi'** labs indepen-
dently reported further mechanistic organometallic work
using single-component [Ni(SIPr)(benzene)] (Ni-7) and [Ni(IPr)
(toluene)] (Ni-11) precatalysts, respectively. Kennedy and co-
workers evaluated both the accessibility and catalytic activity
of Ni(0), Ni(1) nucleophile (Ni-8), and Ni(u) acyl (Ni-9 and Ni-
10) complexes (Scheme 10A)."*> They demonstrated that carba-
mate activating groups played key roles in both the kinetic
accessibility and thermodynamics of C(acyl)-N oxidative
addition at Ni(0), where the carbamate acts as a chelating
ligand to stabilize the Ni(u) acyl (Ni-9 or Ni-10) and inhibit CO-
deinsertion. Based on a double-labelling crossover experiment,
Kennedy and coworkers also provided the first experimental
evidence for the kinetic accessibility of C(acyl)-N oxidative
addition with relatively unactivated amides such as N-methyl-
benzanilide, where the corresponding Ni(u) acyl lies energeti-
cally uphill (Keq < 1, Scheme 10B). Finally, they demonstrated
that Ni(1) species are formed under catalytically relevant con-
ditions through comporoportionation of Ni-7 and Ni-9. This
process represented a primary catalyst deactivation pathway
where the Ni(1) adducts afforded reduced or no catalytic
activity (depending on the amide) and counterproductive
chemoselectivity favouring cleavage of carbamoyl activating
groups. As such, this work provided molecular-level insight
into the catalyst deactivation processes noted previously and
suggested that single-component precatalysts avoiding ineffi-
cient in situ activation could enable the use of lower catalyst
loadings that would circumvent this challenge.

Morandi and coworkers demonstrated analogous C(acyl)-N
oxidative addition with carbamate-activated aliphatic
lactams.'?®* As noted by the Kennedy team, Morandi and co-
workers found that the carbamate acted as a chelating group
to stabilize the resulting Ni(u) acyl metallacycles (Ni-12 and
N-14). However, they found that metallacycle ring-size and
-strain, presumably controlling the geometry of carbamate che-
lation, gated the accessibility of decarbonylation
(Scheme 10C). With 7-membered (from &-lactams) and larger
acyl nickelacycles (such as Ni-14), CO deinsertion and dis-
sociation proceeded readily at room temperature. By contrast,
CO deinsertion and dissociation from 6-membered acyl nicke-
lacycles (such as Ni-12, from y-lactams) proceeded slowly over
multiple days and not at all from the corresponding 5-mem-
bered acyl nickelacycles (from p-lactams).

In complementary work, Stanley and coworkers reported
the Ni-catalysed intramolecular carboacylation of alkenes via

122
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(1 equiv) NJ\ rt, 10 days K/\N \! .
PhMe-dg, rt O'Bu
Ni-12 Ni-13
dipp’N\\(N‘dipp 69% conv. @ 48 h 25% conv.
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Me\¢| N [Morandi, 2023]

i IPr IPr
Ni-11 \ I o |

N,BOC—> NLN’BOC —_— NI\H—(\)
(1 equiv) . 20h < N—S\OtBu
PhMe-dg, rt - Ni-15
Ni-14 69% conv.

19% conv. @ 4 h characterized by SC-XRD

Scheme 10 Experimental evidence for Ni(0/ll) oxidative addition into
C(acyl)-N electrophiles relevant to acylative functionalisation reactions.
Ar = aryl; Arf = 4-fluorophenyl; Boc = tert-butoxycarbonyl; cod = 1,5-
cycloctadiene; dipp = 2,6-diisopropylphenyl; IPr = 1,3-bis(2,6-di-iso-
propylphenyl)imidazol-2-ylidene; SIPr = 1,3-bis(2,6-di-isopropylphenyl)
imidazolidin-2-ylidene.

C(acyl)-N activation of amides (Scheme 11A).%% Shortly there-
after, the same group reported a 3-component variant using
norbornenes as the alkene component.®® These reactions con-
stitute examples of conjunctive (rather than direct) cross-coup-
ling with C(acyl)-N electrophiles.'** In both cases, the authors
performed several competition experiments to evaluate the
nature of the product-determining steps and the plausible
sequences of migratory insertion and transmetallation.
Competition experiments between electron-rich and electron-
deficient amides yielded a preference for product formation
from the electron-deficient amide (Scheme 11B). Electron-rich
species have been shown to favour oxidative addition by
decreasing C=N character;'® however, the arene electronics
should have no impact on the rate of distal C-C reductive elim-
ination. Taken together, this result led the authors to conclude
that neither oxidative addition nor reductive elimination was
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- HNBnBoc
[Stanley, 2017]

® 0 0
.Bn
N
Boc /©:§_\ ' /©:l§_\
(as above) FsC Ph HyC Ph

6.1:1 product ratio
suggests oxidative addition and reductive elimination
are not product-determining

I
(as above) “Ri‘
¥ .

(HO),B— ptol R?
+ (HO)2

(3-5 equiv) 29 examples

up to 99% yield

Me

where R' = Me, R2 = H: 8.3 : 1 product ratio
where R = H, R? = CF5: 10.5 : 1 product ratio
R2 suggests transmetallation is not product-determining

Scheme 11 Competition experiments evaluating Ni-catalysed intra-
molecular carboacylation of alkenes by C(acyl)—N functionalisation. Ar =
aryl; Boc = tert-butoxycarbonyl; cod = 1,5-cycloctadiene; dipp = 2,6-
diisopropylphenyl; IPr = 1,3-bis(2,6-di-isopropylphenyl)imidazol-2-
ylidene; SIPr = 1,3-bis(2,6-di-isopropylphenyl)imidazolidin-2-ylidene.

rate- or product-determining. Interestingly, in the case of intra-
molecular carboacylation, they observed that ketones derived
from electron-deficient and sterically hindered aryl boron
nucleophiles exhibited higher yields than their more nucleo-
philic electron-rich, unhindered counterparts (Scheme 11C).%®
This observation suggested that transmetallation also was not
rate-determining. However, the use of even stronger Ph,Zn
nucleophiles led to the formation of direct acylative Suzuki-
Miyara coupling products,® suggesting that transmetallation
must follow (rather than precede) migratory insertion. By
process of elimination, the author’s concluded that migratory
insertion was most likely the rate-determining step for intra-
molecular carboacylation.®® However the observations may
also be consistent with rate- and product-determining reduc-
tive elimination, as was concluded for the 3-component
carboacylation.®

4.2 Computational mechanistic studies with Ni

Beginning from the earliest reports of metal-catalysed cross-
coupling with twisted-amide electrophiles, computational
studies have played a key role in rationalizing general reactivity
and chemoselectivity trends.'*® Building from Houk and co-
workers’ initial examination of Ni-catalysed esterification of
amides,”® a series of papers from the Zhao,'*® Fu,"”” and
Hong'*® groups in 2016 and 2017 addressed Ni-catalysed
Suzuki-Miyaura couplings using N-benzoyl carbamates'*®'?”
and glutarimindes'® as electrophiles, respectively. Generally,
these studies only addressed the feasibility of 2e” redox-

This journal is © The Royal Society of Chemistry 2024
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cycling mechanisms, although redox-neutral mechanistic pro-
posals may also be viable in some cases.

Zhu, Zhao, and coworkers revealed that the chemo-
selectivity of oxidative addition into N-benzyl-N-tert-butoxycar-
bonyl (N-Bn-N-Boc) benzamide is under thermodynamic
control with the SIPr/Ni catalyst system (Scheme 12A)."*°
Although oxidative addition of Ni(0) into the C(acyl)-N and
C(carbamoyl)-N bonds share similar activation barriers, the
product of C(acyl)-N oxidative addition is nearly 10 kcal mol™
more stable, due in part to the favourable chelating ability of
the carbamate leaving group.

Hong and coworkers examined the complementary PCy,/Ni
catalyst system, which promoted decarbonylative Suzuki-
Miyaura coupling using N-acyl glutarimide electrophiles.’®® In
contrast to the studies examining the SIPr/Ni catalyst system,
they found that chelation of the glutarimide O to Ni substan-
tially lowered the barrier for oxidative addition in addition to
stabilizing the resulting Ni(u) acyl complex (Scheme 12B). They
noted a similar, albeit higher energy, pathway with the analo-
gous benzoyl carbamates as well. Additionally, they examined
the origin of chemoselectivity for decarbonylated vs. carbonyl-
retentive products. As in prior studies, they noted that the
barrier for carbonyl-retentive reductive elimination was lower
than that of CO deinsertion, rendering the carbonyl-retentive
ketone the kinetically preferred product for reactions with

k3
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) o N .
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Scheme 12 Computational modelling of Ni(0)-mediated C(acyl)-N
oxidative addition. Boc = tert-butoxycarbonyl; dipp = 2,6-diisopropyl-
phenyl; OA = oxidative addition; SIPr = 1,3-bis(2,6-di-isopropylphenyl)
imidazolidin-2-ylidene; TS = transition state.
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strong nucleophiles at moderate temperatures. However, for
reactions requiring higher temperatures to achieve transmetal-
lation, the ketone could be activated to allow access to the
thermodynamically-favoured decarbonylative product. Their
computational findings were validated by a contemporaneous
report from Tobisu, Chatani, and coworkers on the nickel-
mediated decarbonylation of unstrained ketones."?*

In 2018, the Dang group reported a theoretical study com-
paring the esterification of a-aryl and a-alkyl amides,"*® which
required different ligand designs in their development.”>”°
Dang and coworkers suggested that a 2e” redox-cycling
pathway was likely conserved across the different amide and
ligand combinations, and rationalized the basis for substrate-
ligand matching effects. With a-aryl amides, they proposed
that the electron-richness of the SIPr vs. terpyridine ligands
was responsible for gating the energetic accessibility of the oxi-
dative addition step. Conversely, they noted that the SIPr
ligand system resulted in a prohibitively high barrier for
proton-transfer between MeOH and NBnBoc during the ligand
metathesis step with a-alkyl amides. Building upon these find-
ings, they also computationally proposed that an electron-rich
terpyridine ligand bearing multiple dimethylamine groups
could carry out esterification of both aryl and alkyl amides. To
the best of our knowledge, this prediction has not been tested
experimentally.

In summarizing these works, Hong and coworkers noted
that, across systems, Ni(0) can interact with acyl and amine
fragments through two distinct mechanistic pathways for oxi-
dative addition (Scheme 12C)."*>'*' The type A mechanism
resembles classical oxidative addition mechanisms through a
3-centered transition state leading to cleavage of the C(acyl)-N
bond. In the type B pathway, a coordinating substituent on N
can induce chelation-assisted oxidative addition through a
larger-membered transition state. In most cases, the stability
obtained through chelation does not sufficiently compensate
for the energy penalty due to distortion from the 3-membered
transition state. As a result, the type A mechanisms are gener-
ally preferred, even for substrates bearing a chelating group. As
such, the chelation of carbamate activating groups noted by
Kennedy'** and Morandi'*® reflects primarily product- rather
than transition-state stabilization. By contrast, substrates that
are highly twisted from planarity in their ground states (such
as N-acyl glutarimides) avoid this energetic penalty when pro-
ceeding through the type B, chelate-assisted oxidative addition.
Regardless of mechanistic manifold, the primary factor
responsible for the cleavage of the C(acyl)-N bond is the n
coordination of Ni to the acyl fragment, which further weakens
ny — 7©*co delocalisation, and the barrier for oxidative
addition can be correlated with the heterolytic bond strength
(pK,) of the corresponding leaving group.

4.3 Mechanistic studies with other metals

Though much of the reported work involves palladium and
nickel, there have also been reports on amide C-N activation
using several other metals as catalysts. However, the mechanis-
tic studies using these metals have been limited. The first
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rhodium-catalysed acyl C-N bond activation was reported by
the Szostak group in 2016 using the [Rh(cod)Cl], system
(Scheme 13A)."*> This work featured directed C-H arylation of
pyridyl arenes using N-acyl glutarimides as the electrophilic
coupling partners. Using ESI-MS analysis of reactions con-
ducted with stoichiometric mixtures of [Rh], base, and amide,
the authors detected formation of rhodium aryl intermediates
(such as Rh-1), consistent with oxidative addition of the C-N
bond of the amide to the Rh(i) catalyst, accompanied by elim-
ination of CO.

The first cobalt-catalysed amide C-N bond activation was
reported by Gosmini, Danoun, and coworkers in 2017, wherein
CoBr, in combination with bipyridine and TMSCl-activated

5 mol% [Rh(cod)Cl],

o epus

PhMe, 150 °C
- glutarimide, CO

[Szostak, 2016]
34 examples

up to 96% yield
cl
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PhMe, 150 °C (o) N O calculated: 436.1
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B. 5 mol% [RuCl,(p-cymene)],
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30 mol% (tripp)CO,H up to 84% yield
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- HNTsPh

N [Zhang & Bao, 2021]
o] | |
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Scheme 13 Catalytic application on C(acyl)-N activation using metals
other than Pd and Ni with evidence for 2e™ redox-cycling mechanisms.
Ar = aryl; cod = 1,5-cycloctadiene; tol = toluyl = 4-methylphenyl; tripp
= 2,4,6-triisopropylphenyl; Ts = 4-toluenesulfonyl.
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manganese catalysed the esterification N-Boc with primary and
secondary alcohols."*® Even though a deep mechanistic under-
standing of this reaction has yet to be revealed, they proposed
a possible mechanism that proceeds via the oxidative addition
of the acyl C-N bond of the amide substrate into a Co(0) cata-
lyst generated in situ.

In 2021, Zhang, Bao, and coworkers reported the first ruthe-
nium catalyst for the C(acyl)-N bond activation of amides
(Scheme 13B)."*° Using [RuCl,(p-cymene),] as a precatalyst in
combination with K,CO; and 2,4,6-triisopropylbenzoic acid
additives, they developed methodology for C-H acylation of
2-arylpyridines using N-phenyl-N-tosylamides as acylating
agents. Based on the absence of an H-atom kinetic isotope
effect in competition experiments, they concluded that C-H
activation  was  unlikely to be  rate-determining.
Cycloruthenated complex Ru-19 was found to be an effective
catalyst, but only in the presence of additional 2-arylpyridine.
Based on this observation, the authors proposed that a bis-
cycloruthenated complex Ru-20 was responsible for C(acyl)-N
activation in the rate-determining step (Scheme 13C).

4.4 Outstanding mechanistic questions

Taken together, these works hint at the versatile potential of
C(acyl)-N functionalisation through 2e” redox-cycling mecha-
nisms but also highlight the many frontiers still to be evalu-
ated. While the mechanistic work from the Szostak, Shi, Maiti,
Kennedy, and Morandi labs provided unambiguous evidence
for the feasibility of C(acyl)-N oxidative addition at neutral
Pd(0)’* and Ni(0),%>"**'*? the nature of oxidative addition with
other metals has been evaluated less extensively. Additionally,
even in the context of nickel catalysis, all of the mechanistic
studies performed to-date have examined reactions with rela-
tively weak nucleophiles or reactions proceeding in the
absence of an exogenous nucleophile altogether. Alternative
pathways involving nickelate formation must be considered
further, especially in cases involving stronger nucleophiles
such as organozinc, organoaluminum, or organomagnesium
reagents."*>** The resulting metalates may then react either
through redox-neutral insertion/elimination-type or 2e™ redox-
cycling mechanistic manifolds.

Additionally, for reactions involving conjunctive cross-coup-
lings or apparent Heck-type reactions across a m system, the
possibility of competing oxidative cyclization manifolds must
be considered (Scheme 14)."*>'*® Computational studies from
Sato and coworkers on a related transformation indicated that
oxidative cyclization manifolds were substantially lower in
energy than alternatives proceeding through C(acyl)-O oxi-
dative addition."®” Oxidative cyclization-type mechanisms are
also prevalent for [Ni]/NHC-catalysed transformations invol-
ving aldehydes'*®"*° and a,p-unsaturated esters.'**'**> The
intriguing possibilities of tapping alternative mechanisms,
with distinct chemoselectivity profiles depending on the
specific combinations of reagents merit further study and hold
promise for future synthetic innovation.

This journal is © The Royal Society of Chemistry 2024
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Scheme 14 Alternative mechanistic proposal for conjunctive coupling
reactions with C(acyl)—N electrophiles.

5. 1le” mechanisms

Building on the developments of C(acyl)-N functionalisation
by 2e” redox-cycling mechanisms, more complex catalytic
mechanisms involving both 2e™ and 1e” steps were soon inves-
tigated. This work was supported by the surge of interest in
reductive cross coupling, metallaphotoredox catalysis, and
electrocatalytic organic synthesis. Initial works in this area
relied on the Ni(0)-enabled oxidative addition reactivity dis-
cussed above,"**'** but more recently, the potential 1e~ reac-
tivity of activated amides has been recognized to provide
access to an expanding range of transformations."*>™"*’

In 2017, the Molander group reported a dual photoredox
and nickel-catalysed acylation of potassium alkyl fluoroborates
with N-acyl succinimide electrophiles to form aliphatic
ketones (Scheme 15A).'*% Although their report did not
include any mechanistic experiments, the authors drew on
related prior works to propose two plausible mechanistic paths
beginning from Ni(0), with simultaneous photoredox-catalyst-
enabled oxidative fragmentation of the alkyltrifluoroborate
(Scheme 15B, steps i-ii). Sequential C(acyl)-N oxidative
addition and alkyl radical capture, in either order, would lead
to a common Ni(m) acyl intermediate (steps iv-v or iv'-v').
Reductive elimination (step vi) would form the product and a
Ni(1) complex, which was proposed to undergo SET with Ir(u)
to regenerate the active Ni(0) species and ground state Ir(m)
photocatalyst (step iii).

The same year, Han and coworkers reported a method for
reductive cross-coupling of N-acyl glutarimides with aryl
iodides (Scheme 16A)."** Based on radical trapping experi-
ments and the observation of Ni acyl species by ESI-MS, the

This journal is © The Royal Society of Chemistry 2024
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Scheme 15 Key early development in Ni-catalysed acylative coupling
using a C(acyl)—N electrophile with dual photoredox and Ni catalysis.

authors proposed a catalytic cycle in which the tpy/Ni(0) (tpy =
2,2';6',2"-terpyridine) catalyst selectively undergoes C(acyl)-N
oxidative addition (Scheme 16B, step ii) prior to capture of an
aryl radical generated through a chain mechanism (step iii).
Reductive elimination from the resulting Ni(m) acyl complex
(step iv) would form the observed ketone product. Halide
abstraction by the resulting Ni(i) would generate additional
phenyl radical (step v), and subsequent reduction with Zn(0)
(step vi) would regenerate the active Ni(0) species.

In 2020 and 2021, the Baik & Hong groups and the
Amgoune group independently reported highly similar
methods involving dual photoredox and Ni-catalysed acylation
of alkanes with N-acyl succinimide electrophiles
(Scheme 17A)."**>'*® Both groups used Ni(u) salts in combi-
nation with dtbbpy (dtbbpy = 4,4"-di-tert-butyl-2,2’-dipyridyl) as
precatalysts under the assumption that reduced nickel species
would be generated in situ under the photoredox conditions.
Amgoune and coworkers demonstrated through the combi-
nation of NMR monitoring and SC-XRD analysis that Ni(u)-acyl
and Ni(n)-aryl (Ni-26) species formed readily upon treatment of
N-benzoylsuccinimide ~with  [(dtbbpy)Ni(cod)]  (Ni-25)."*°
However, quite surprisingly, Ni-25 performed very poorly as a
catalyst (yielding only 8% of the desired product), and the iso-
lated Ni(n)-aryl (Ni-26) was completely inactive (Scheme 17B).
Moreover, more active acyl electrophiles such as benzoyl chlor-
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Scheme 17 Ni-catalysed C—H acylation using C(acyl)—N electrophiles.

ide and benzoic anhydride were poor substrates in comparison
with N-benzoylsuccinimide.™® These observations suggested
that, despite its accessibility, the Ni(0/II) oxidative addition
pathway was likely not operative in the overall catalytic trans-
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formation. By contrast, Amgoune and coworkers found that a
Ni(1) dimer (Ni-27) was catalytically active for the reaction and
even showed higher efficiency than their original Ni(u) catalyst
(Scheme 17B).**® Baik, Hong, and coworkers supplemented
these surprising experimental findings with a detailed compu-
tational investigation, which suggested that C-H activation via
a photoinduced reaction from [(dtbbpy)NiCl;], preceded
C(acyl)-N oxidative addition. Following multiple reductions
mediated by the photocatalyst, a Ni(i) alkyl complex (Ni-23)
was proposed to be responsible for the C(acyl)-N oxidative
addition to form Ni-24, which undergoes facile reductive elim-
ination to form the ketone product.

In a subsequent report, the Amougne and Vantourout
groups built on these findings to develop an electro-reductive
coupling of N-acyl succinimides with alkyl halides using an
analogous dtbbpy/nickel catalyst system (Scheme 18A).'*
Through a series of cyclic voltammetry (CV) studies, the
authors demonstrated that an electrogenerated Ni(i) species
(Ni-29) can activate both the alkyl bromide (by SET and alkyl
radical formation, Scheme 18B, step ii) and the N-acyl imide
(by C-N oxidative addition, step iii) electrophiles. The authors
proposed that rapid comproportionation of the resulting Ni(ur)
acyl with remaining Ni-29 or electroreduction would afford the
corresponding Ni(u) acyl (step iv), which could then capture
the alkyl radical en route to the cross-coupled product
(Scheme 18B, steps v-vi).

Taken together, these works challenge key assumptions
about catalytically relevant mechanisms of N-acyl-imide acti-
vation and highlight the importance of evaluating mechanistic
assumptions experimentally. They further suggest that a
broader range of mechanisms than previously assumed may

A o o 10 mol% Ni(OAC)*4H,0 o
Br. R2 10 mol% bpy
R11LN \( R1JI\(R2
R3 (+)Zn/(-)Ni foam, 8 mA, 4 F/mol 5
o KPF5, DMF, rt R
[Amgoune & Vantourout, 2022] 32 examples
up to 87% yield
B e’ o
N—Nl”X
Br- |
\ i
RE ™) ii N——NI X N—-Nl—OAc
R3 ™~ nNi2o
Br\(R2 X = OAc or R
R succinimide \/ Ni-29
iv
o /\ "i / \ nizs
2 o
R -
3 N
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N——-NI—N
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rRz
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Scheme 18 Ni-catalysed electroreductive coupling using C(acyl)-N
electrophiles.
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be operative for many of the C(acyl)-N functionalisation reac-
tions developed to date, highlighting opportunities for further
innovation within these diverse mechanistic manifolds.

6. Outlook & conclusions

In conclusion, substantial recent work has provided founda-
tional insights into several distinct mechanisms through
C(acyl)-N functionalisation through redox-neutral, 2e” redox-
cycling, and 1e” mechanisms. These studies hold promise for
informing the development of new catalytic methodologies
that overcome current limitations to catalytic efficiency and
enable entirely new reactivity patterns. However, these studies
have only scratched the surface, and many questions remain to
be evaluated. The field is ripe for continued synergy of
mechanistic study and reaction discovery to push the bound-
aries of C(acyl)-N functionalisation catalysis.
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