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Dual nickel-photoredox-enabled direct synthesis of R © Br NiBr,-dtbbpy R AN oo
amides through cross-coupling of cesium oxamates with aryl /,\‘,% N 4CzIPN N Y@ R
bromides has been developed. This methodology’s key advantages R ocs + R _‘Hi o R
are mild reaction conditions, utilizing organic dye as a photocatalyst, © visible light ©
employing readily available starting chemicals as coupling partners,
and late-stage carbamoylation of pharmaceutically relevant mole-
cules. DFT studies suggested that the nickel catalytic cycle proceeds

Redox-neutral; Diverse substrate scope; Computational studies

via a radical addition pathway prior to the oxidative insertion.
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he amide bond formation is unarguably one of the most

important transformations in synthetic organic chem-
istry.' > Molecules with amide bonds are important structural
units found throughout nature. This amide linkage serves as
the backbone of various biomolecules such as proteins,
peptides, natural products, polymers, and pharmaceutical
drugs.®™ Furthermore, many naturally existing plant-based
amides have antitumor, antibacterial, antifungal, and insectici-
dal effects. Considering the widespread utility and importance
of amide bonds, various methodologies have already been
developed for their synthesis.' > The dehydrative condensa-
tion in the presence of the stoichiometric amount of coupling
reagents is the most commonly employed method for the
installation of amide functionality."” However, the employed
coupling reagents are often quite expensive and produce
stoichiometric amounts of byproducts. In order to overcome
the aforementioned problems, a catalytic method was
introduced for the szrnthesis of amides where metals were
used as catalysts.'' ~'* Among them, the Pd-catalyzed amino-
carbonylation process was materialized to some extent.'>”"”
However, the use of high-pressure toxic CO gas and
specialized reaction conditions limits the broad applicability
of this method. Therefore, developing a new and benign
catalytic protocol for amide bond synthesis from commercially
available chemicals is highly enviable.

Recently, C—C and C—heteroatom bond formation
reactions driven by visible light photocatalysis have emerged
as the fastest-growing field in organic synthesis.”’”*’
Furthermore, the integration of photocatalysis with metal
catalysis unlocked new opportunities in the cross-coupling
domain.”*~*’ The generation of carbamoyl radicals and their
application for the synthesis of amides through visible light
photocatalysis has been well reported.’® Also, few reports have
been demonstrated for the synthesis of amides through the
dual metallo-photoredox catalysis, in which radical cross-
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couplin§ takes place between aryl halides and carbamoyl
radical.”’ ~** In 2015, Shang and Fu jointly reported dual Pd/
photoredox-mediated decarboxylative coupling of potassium
oxamates with aryl bromides/iodides to 1produce correspond-
ing amides in good yields (Scheme 1, a).>" In 2020, Melchiorre

Scheme 1. Known Strategies for the Photocatalytic
Synthesis of Amides from Haloarenes
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and co-workers utilized a less expensive combination of
photosensitizer and metal catalyst in the presence of visible
light, where a variety of bench-stable 4-carbamoyl-1,4-
dihydropyridine derivatives act as the source of carbamoyl
radical and couples with a range of aryl/heteroaryl bromides
lead to the formation of amides in good yields (Scheme 1, b).”?
However, the complexity associated with the synthesis of the
carbamoyl radical precursors limits its applications. Very
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recently, Maiti and co-workers demonstrated the direct
generation of carbamoyl radical from carbamoyl chloride in
the presence of visible light through the halogen-atom transfer
(XAT) concept, and further integration with nickel catalysis
led to the formation of amides in good yields (Scheme 1, b).*
This methodology tolerates a variety of aryl/hetero aryl
bromides and aryl chlorides. Moreover, the authors utilize this
methodology for the late-stage amidation of halide-containing
drug molecules and pharmacophores. However, carbamoyl
chlorides were synthesized from the corresponding amines by
the treatment of triphosgene, which is toxicologically unsafe. In
the present work, we employed easily accessible and stable
oxamates 1 as a source of carbamoyl radical in visible-light
photocatalysis, and further integration with nickel cross-
coupling events in the presence of aryl/heteroaryl bromides
led to the formation of amide products (Scheme 1, c).

This synergistic dual Ni/photoredox cross-coupling event
was conducted using benzyl oxamate la and methyl 4-
bromobenzoate 2a as a model substrate. After screening several
reaction parameters, product 3a was isolated in 71% isolated
yield in the presence of 10 mol % of NiBr,-dtbbpy and 3 mol %
of photocatalyst (4CzIPN), with DMA as a solvent, and upon
irradiation with kessil blue light (456 nm, 40 W) at 40—45 °C
(Table 1, entry 1). Oxamates containing different counter

Table 1. Optimization of the Reaction Conditions”

co,Me
H
Ph._N

o
3a

4CzIPN (3 mol%)
NiBrydtbbpy (10 mol%)
DMA (0.1M)
Kessil light (456 nm)
40-45°C, 24 h
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=N Ny

L1;R = 'Bu < v

L2;R = OMe 4C2IPN | J % R=cRy Ry =F

L3;R=H (Cbz = Carbazole) R Irll, R=Rq=H
Entry Deviation from optimized conditions 3a (%)°

1 None 75 (71°)

2 Using Li, Na, and K oxamates 27, 33, and 52

3 Using NiBr,-L2 as ligand 62

4 Using NiBr,-L3 as ligand 40

S Using NiBr,-L4 as ligand 36

6 Using Ir—I as photocatalyst 46

7 Using Ir—II as photocatalyst 38

8 DMEF as solvent 67

9 DMSO as solvent 47

10 In the absence of photocatalyst 0

11 In the absence of light 0

12 In the absence of ligand 12

13 In the absence of nickel 0

“Optimization of the reaction conditions: 1a (0.15 mmol), 2a (0.1
mmol), at 40—45 °C, for 24 h. "NMR yields using benzyl benzoate as
an internal standard. “Isolated yield.

cations such as Li", Na*, and K* produce slightly lower yields
(Table 1, entry 2). Employing NiBr,-L2 (L2 = 4,4’-dimethoxy-
2,2'-bipyridine) works well (Table 1, entry 3), while employing
NiBr,-L3 and NiBr,-L4 afford low yields of the product (Table
1, entries 4—5). In the presence of Ir-based photocatalysts (Ir—
I and Ir—II), the yields are sluggish (Table 1, entries 6—7).
Using DMF as a solvent produced a good yield of 3a (Table 1,
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entry 8), while using DMSO resulted in a low yield of product
3a (Table 1, entry 9). Controlled reactions reveal the role of
the Ni, ligand, light, and photocatalyst (Table 1, entries 10—
13).

With the optimized reaction conditions as described in
Table 1, entry 1, we tested the generality of the synergistic Ni/
photoredox catalysis for amide synthesis (Scheme 2). First, the
scope of aryl bromides was evaluated. A wide range of aryl
bromides, bearing both electron-deficient and electron-rich
substituents, undergo cross-coupling reactions with oxamates
la and 1b to give moderate to good yields of the amide
products (3a—3h; 48—71%). Aryl bromides containing
different functional groups such as ester, ketone, cyano,
ether, and sulfonamide are well reacted with the oxamate
(1a or 1b) and afford corresponding amides (3i—3m) in good
yields (51—69%). Heteroaryl bromides are well received in our
dual catalysis and couple with oxamate la to afford
corresponding amides (3n—3p) in good yields (44—65%).
Electron-deficient aryl chlorides are also suitable candidates in
our reaction and afforded amide products (3d’, 3k’, and 3n’)
in moderate yields.

Next, we focused on the scope of the oxamates, which are
easily prepared by treating methyl chlorooxoacetate with
amines followed by the addition of CsOH. We first evaluated
the sterically different primary alkylamine-derived oxamates. N-
Hexylamine-, tert-butyl amine-, 1-adamantylamine-, cyclohexyl
benzhydrylamine-, and cyclopropyl amine-derived
oxamates were coupled with methyl 4-bromobenzoate (2a)
in our reaction conditions and afford corresponding secondary
amide products (3q—3v) in good yields (54—73%). Cyclic and
acyclic secondary amines such as morpholine, piperidine, and
diethylamine-derived oxamates generate corresponding carba-
moyl radicals in our dual catalysis and, coupled with methyl 4-
bromobenzoate (2a), led to the formation of tertiary amides
(3w—3y) in good yields (60—66%). Finally, oxamates derived
from aniline, N-methylaniline, and mesityl amine were
successfully converted to their corresponding N-aryl benza-
mide derivatives (3z—3ab) in our dual Ni/photoredox
catalysis. To further investigate the amenability of our
methodology toward pharmaceutically relevant molecules, we
have employed a few aryl bromides derived from alcohols
(menthol, cholesterol, and Proxyphylline), phenol (estrone),
and amines (Mexiletin and Leelamine) that were efficiently
coupled with benzyl oxamate la to afford corresponding
amides (3ac—3ah) in moderate to good yields (47—65%).>*

Next, we carried out a series of preliminary mechanistic
experiments in order to gain insight into the plausible reaction
mechanism (Scheme 3). First, we conducted the reaction in
the presence of a radical trapping agent such as TEMPO
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (3.0 equiv), and no
desired product 3a was observed. A TEMPO-adduct 4 was
confirmed by HRMS analysis (see Supporting Information).
When a radical scavenger such as BHT (3.0 equiv) was added
in to the standard reaction condition, product 3a was obtained
in a low yield (12%). The above experimental observations
indicate the involvement of carbamoyl radicals in our reaction
conditions. Next, quenching studies clearly indicate the
photoexcited photocatalyst undergoes a reductive quenching
by benzyl oxamate 1a (Scheme 4, left). Finally, the light ON—
OFF experiment reveals that continuous irradiation of light is
required throughout the reaction (Scheme 4, right).

Recently, Jointly Molander—Kozlowski and Terrett—Huestis
used density functional theory (DFT) calculations to

amine-,

https://doi.org/10.1021/acsorginorgau.3c00053
ACS Org. Inorg. Au 2024, 4, 223-228


https://pubs.acs.org/doi/suppl/10.1021/acsorginorgau.3c00053/suppl_file/gg3c00053_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00053?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00053?fig=tbl1&ref=pdf
pubs.acs.org/orginorgau?ref=pdf
https://doi.org/10.1021/acsorginorgau.3c00053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Scheme 2. Substrate Scope”
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“Decarboxylative cross-coupling of oxamates with aryl bromides.
Reaction conditions as given in Table 1 (entry 1). bReaction was
carried using 1.5 mmol of 1a and 1 mmol of 2a and 2c for 72 h.
“Reaction time 30 h. “Reaction time 35 h. Isolated yields, an average
of at least two independent runs.

Scheme 3. Mechanistic Studies
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determine the feasible reaction pathway for the coupling of
carbon radicals with aryl bromides in dual Ni-photoredox
cataly51s 93¢ Their studies revealed that both mechanisms
(Ni°~Ni'=Ni" and Ni’~Ni"—Ni™) are operatively dependent
on the type of radical present under the reaction conditions. In
order to find the feasible pathway under our reaction
conditions, detailed computational studies were conducted
using the oxamate anion (la’) and aryl bromide (2a) as the
substrates. The calculations were carried out at the UB3LYP-
D3(BJ)/6-31G**, LANL2DZ(Ni)+SMD(DMF)//UB3LYP-
D3(BJ)/6-31G*, LANL2DZ(Ni) level of theory. Our study
suggests that the most probable mechanism for the reaction
follows pathway A as shown in Figure 1. Pathway A in which
the initial step is radical addition followed by oxidative
insertion is similar to that proposed by Molander and
Kozlowski in 2015.° The other possibility is pathway B,
where the initial step is an oxidative addition step followed by a
radical addition step proposed by Terrett—Huestis and Doyle—
MacMillan, was found to be higher in energy compared to that
of pathway A.***” The relative Gibbs free energy profile
diagram for pathways A and B is given in Figure 1. The
important steps involved in the catalytic cycle following
pathway A and pathway B are described in the following
paragraphs.

Initially, the photocatalyst 4CzIPN goes to an excited singlet
state, 4CzIPN*, upon irradiation with Kessil light (456 nm)
and then relaxes to the triplet state 4CzIPN® as shown in
Figure 1. The single electron transfer (SET-1) from the
oxamate anion la’ to the 4CzIPN' generates radical I and
4CzIPN®". The energy barrier for SET-1 is 8.0 kcal/mol. The
carbamoyl radical II is formed from I upon decarboxylation.
Next, through pathway A, carbamoyl radical II enters the
nickel catalytic cycle by coordinating to L,Ni’ (L, = 4,4'-di-
tert-butyl-2,2’-dipyridyl) species A through the O atom,
forming an intermediate *Ila of energy —31.0 kcal/mol.

https://doi.org/10.1021/acsorginorgau.3c00053
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Figure 1. Computed Gibbs free energy profile diagram for the redox-neutral decarboxylative cross-coupling reaction catalyzed by the photocatalyst
4CzIPN and the L, Ni’ species A obtained at the UB3LYP-D3(BJ)/6-31G** LANL2DZ(Ni)+SMD(DMF)//UB3LYP-D3(BJ)/6-

b

31G* LANL2DZ(Ni) level of theory. The relative Gibbs free energies (in kcal/mol) of all intermediates and transition states are with respect
to the oxamate anion la’, 4CzIPN in singlet state, L,Ni’ species A, and the aryl bromide 2a. L, = 4,4'-di-tert-butyl-2,2'-dipyridyl (dtbbpy).

Further, the intermediate *IIa converted to a more stable L,Ni"
intermediate *IITa (—48.0 kcal/mol) in the doublet state and
proceeded via a low barrier (1.8 kcal/mol) transition state
2TS[1la-Illa].*® The intermediate IVa of energy —54.0 kcal/
mol is formed by the coordination of the L,Ni' intermediate
’[I1a and aryl bromide 2a. The next step is the transformation
of intermediate IVa through the oxidative insertion of nickel
into the aryl—Br bond to form L, Ni" intermediate V of energy
—76.2 kcal/mol that proceeded via the energy barrier (10.9
kcal/mol) transition state TS[IVa-V]. An alternative possibility
is considered in pathway B, where the substrate 2a coordinates
to L,Ni® species A to form intermediate ITb which has an
energy of —19.0 kcal/mol. Next, intermediate IIb is trans-
formed to more stable L Ni'' intermediate IIIb (—55.5 kcal/
mol) via a high energy barrier (7.0 kcal/mol) transition state
TS[IIb-IIIb]. The intermediate V has been generated via the
addition of carbamoyl radical II to the L,Ni" intermediate
IIIb, which proceeds through a high energy barrier (18 kcal/
mol) via TS[IVb-V]. Next, in both pathways, the C—C bond
formation between the aryl carbon of 2a and the amide carbon
of 1a' via the reductive elimination of transition state TS[V-
VI] takes place to form the product—catalyst complex VI. The
energies of TS[V-VI] and VI are —73.0 and —105.2 kcal/mol,
respectively. When the product 3a decoordinates from the
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nickel center, Ni(I) species F is formed, which in turn accepts
an electron from 4CzIPN®~ through single electron transfer
(SET-2) process to form L Ni’ species G and 4CzIPN. The
SET-2 barrier of 2.1 kcal/mol serves as the catalyst
regeneration step in this mechanism. The increase in energy
barrier (7.0 kcal/mol) for oxidative addition of 2a with L Ni°
makes pathway A a more favorable pathway.

Combining all the above experimental and computational
studies and following previous literature precedents,”' 73353
we proposed a feasible reaction mechanism in our catalytic
cycle as depicted in Scheme 5. Initially, in the photocatalytic
cycle, the single electron oxidation of benzylic cesium
oxamates la (E, = +0.74 V vs Fc in DMA, see Supporting
Information for the CV of 1a) takes place by the photoexcited
photocatalyst (4CzIPN*, E,.q = +1.35 V vs SCE)™ resulting in
the generation of the oxamate radical I and radical anion of the

photocatalyst (4CzIPN®~). The radical intermediate I under-
goes decarboxylation, leading to carbamoyl radical IL In the
nickel cycle, the L ,Ni"Br, (L, = dtbbpy) complex was
transformed to L,Ni’ complex (A) in the presence of visible-
light photocatalysis utilizing benzylic cesium oxamate as a
substoichiometric amount of reductant. Addition of carbamoyl
radical to the L ,Ni’ complex generates L Ni' intermediate
(*II1a) via *IIa. Next, the addition of aryl bromide to the L, Ni'

https://doi.org/10.1021/acsorginorgau.3c00053
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Scheme 5. Mechanistic Hypothesis
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intermediate generates another L, Ni' intermediate V via IVa.

Reductive elimination from the LanIII intermediate V liberates
the product 3a and L Ni'Br intermediate F. Finally, single
electron transfer between L,Ni'Br and reduced photocatalyst
(4CzIPN°®") regenerated ground-state photocatalyst (4CzIPN)
and active L,Ni® (A) for the next catalytic cycle. Nevertheless,
our catalytic cycle cannot completely ignore the alternative
reaction pathway that is the initial oxidative addition of aryl
bromide 2a to L,Ni’ (A), followed by carbamoyl radical
addition to generate the L, Ni'' intermediate V (see
Supporting Information for the complete cycle)."’

In summary, we have developed a new catalytic method for
synthesizing amides through cross-coupling cesium oxamates
with aryl bromides using dual nickel/photoredox catalysis. This
strategy works under mild reaction conditions, and corre-
sponding amides are isolated in good to moderate yields. The
detailed analysis of the mechanism using DFT reveals that the
favorable pathway of the nickel catalytic cycle begins with the
radical addition elementary step prior to the oxidative
insertion. Further, a variety of carbamoylation chemistry
using the oxamates as the carbamoyl radical source is ongoing
in our laboratory.

The data underlying this study are available in the published
article and its Supporting Information.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00053.

General experimental procedures, mechanism studies,
'H and 3C NMR spectra of all compounds (1a—1m, 2s,
2u, 3a—3ah) (PDF)
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