
RESEARCH ARTICLE          

1 
 

Photochemically Driven Nickel-Catalyzed Carboxylative C-N 
Coupling: Scope and Mechanism 
Seifallah Abid,[a, +] Kevin P. Quirion, [b, +] Yi Yang, [a, +] Renhe Tang,[a] Binh Khanh Mai, [b] Peng Liu,*[b] 
and Anis Tlili*[a]  
[a] Dr. S. Abid, Y. Yang, R. Tang, Dr A. Tlili  

Univ Lyon, CNRS, Université Claude Bernard Lyon 1, ICBMS, UMR5246  
43 Bd du 11 Novembre 1918, 69622 Villeurbanne, France 
E-mail: anis.tlili@univ-lyon1.fr 

[b] K. P. Quirion, B. K. Mai, Prof. P. Liu 
Department of Chemistry, University of Pittsburgh  

 Pittsburgh, Pennsylvania 15260(USA) 
 E-mail: pengliu@pitt.edu 
[+] These authors contributed equally 

 Supporting information for this article is given via a link at the end of the document.((Please delete this text if not appropriate)) 

 

Abstract: Herein we disclosed an unprecedented photochemically 
driven nickel-catalyzed carboxylative Buchwald-Hartwig amination to 
access a wide range of aryl carbamate derivatives. This reaction is 
performed under mild condition of temperature and atmospheric 
pressure of CO2 starting from commercially available (hetero)aryl 
iodides/bromides derivatives and alkyl amines preventing the 
formation of hazardous and/or toxic waste. Moreover, preliminary 
mechanistic investigation including stochiometric experiments as well 
as DFT calculations allows us to shed the light on the reaction 
mechanism. 

Introduction 

Transition-metal (TM) catalyzed cross-coupling reactions 
between aryl (pseudo)halides and carbon or heteroatom 
nucleophiles have revolutionized the way new bonds are 
assembled.[1] The robustness of this technology to forge C-C and 
C-heteroatom bonds is routinely demonstrated in academia and 
in large scale industrial applications.[1, 2] In addition to classical 
cross-coupling reactions, three-component transition metal-
catalyzed carbonylative methodologies using carbon monoxide 
are another efficient approach to construct complex molecules.[3] 
For such processes, the key to success is the insertion of carbon 
monoxide into the metal-aryl bond due to its high reactivity. For 
example, direct access to valuable amides could be achieved 
through the cross-coupling of aryl halides and amines in the 
presence of carbon monoxide under transition metal catalysis 
(Scheme 1).[4] On the other hand, carbon dioxide is the most 
important greenhouse gas on Earth. Its concentration has 
exceeded the 400-ppm level in the atmosphere and to date only 
few industrial processes enable CO2-based transformations due 
to its thermodynamic and kinetic stability.[5] Complementary to the 
chemistry of carbon monoxide, the design of three-component 
reactions making use of CO2 will allow the formation of highly 
complex scaffolds. As an example, aryl carbamate derivatives are 
valuable compounds that are usually obtained from hazardous 
chemicals while generating highly toxic waste.[ 6 ] A three-
component reaction with carbon dioxide would offer a more 
effective route to access aryl carbamates (Scheme 1). 

 
Scheme 1. State of the art on the Buchwald-Hartwig amination, carbonylative 
amination and introduction of the new concept. 

Surprisingly, while from a simple retrosynthetic analysis, the 
reductive elimination from [TM](OC(O)NR1R2)Ar may lead to the 
formation of the desired aryl carbamate (ArOC(O)NR1R2) product, 
to date, no example of metal-catalyzed carboxylative cross-
coupling of aryl halides with amines have been reported. This is 
certainly due to two mechanistic questions that have to be 
considered: i) Although amine reacts with atmospheric pressure 
of CO2 to generate carbamate,[7] the reactivity of such species 
with transition metal has not been reported yet; ii) The C-O 
reductive elimination of [TM](OC(O)NR1R2)Ar to forge C(sp2)-
OC(O)NR1R2 is also an unknown fundamental step. 
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Unlocking these critical steps of the catalytic cycle will pave 
the way to the development of a robust carboxylative process to 
easily access aryl carbamate derivatives. Recent results by the 
Macmillan group demonstrated that the reductive elimination of 
[Ni](OC(O)R)Ar for the synthesis of esters could take place under 
energy transfer (EnT) catalysis with an [Ir] photocatalyst.[8 ] In 
addition, a similar strategy was developed by the groups of Li, 
Huang and Zhang where the authors successfully replaced the [Ir] 
catalyst with a cyanoarene organophotocatalyst.[ 9 ] These 
examples highlight that a combination of a photocatalyst with 
transition metal catalysis can promote challenging reductive 
elimination.[ 10 ] Based on this principle, we report herein a 
photochemically driven nickel-catalyzed carboxylative Buchwald-
Hartwig amination to access a wide range of aryl carbamate 
derivatives. It should be mentioned that a related work developed 
by Repo group appeared recently[11] 

Results and Discussion 

To confirm the feasibility of this concept we selected p-
iodobenzotrifluoride as model substrate with diethyl amine as 
coupling partner under atmospheric pressure of CO2 and white 
light irradiation (2*27 W CFL). To our delight 80% of the desired 
product was obtained by using 5 mol% of air stable NiBr2.diglyme 
in conjunction with 5 mol% 4,4’-dtbbpy as ligand and Cs2CO3 as 
base using PC1 (5CzBN, 1 mol%) as photocatalyst. Herein, the 
choice of this photocatalyst was guided by the triplet energy (ET, 
2.68 eV)[9] higher than that of Ir(ppy)3 (2.33 eV) used in the 
Macmillan system.[8a]  

Table 1. Optimization of nickel/ligand precursors. 

 
Entry[a] Deviation from Standard conditions Yield [%][b] 
1 None 80 
2 NiBr2.DME instead of NiBr2.diglyme 77 
3 NiCl2.DME instead of NiBr2.diglyme 52 
4 Ni(acac)2 instead of NiBr2.diglyme 34 
5 Ni(COD)2 instead of NiBr2.diglyme 80 
6 L1 instead of L3 60 
7 L2 instead of L3 76 
8 L4 instead of L3 29 

[a] Reactions were performed with 1a (0.2 mmol, 1 equiv), HNEt2 (0.4 mmol, 2 
equiv), CO2 (1 atm), PC1 (1 mol%), NiBr2.diglyme (5 mol%), L3 (5 mol%), 
Cs2CO3 (0.4 mmol, 2 equiv) and DMF (2 mL). The reaction mixture was stirred 
at RT for 16 hours under 2*27W CFL unless otherwise noted [b] Determined by 
19F NMR spectroscopy with PhOCF3 as an internal standard. 

With this proof of concept in hand, initial focus was devoted to 
the optimization of the nickel/ligand catalytic system. NiBr2.DME 
shows higher reactivity in comparison to NiCl2.DME (Table 1, 

entries 2&4). Ni(acac)2 was also effective under our reaction 
conditions albeit in low yield of 34% (Table 1, entries 4). The use 
of air sensitive Ni(COD)2 allow the formation of the desired 
product in an excellent yield of 80% (Table 1, entries 5). 
Afterwards, bipyridine type ligands were investigated. While 
simple bipyridine afforded lower reactivity of 60%, the use of 
electron rich 4,4-diMeObpy furnished the desired product in 76% 
yield. The presence of di-Me group in 6,6’ position is detrimental 
to the reaction since only 29% of the desired product was 
observed (Table1, entry 8). 

Table 2. Reaction optimization 

 
Entry[a] Deviation from Standard conditions Yield [%][b] 
1 None 80 
2 K2CO3 instead of Cs2CO3 65 
3 K3PO4 instead of Cs2CO3 48 
4 CsF instead of Cs2CO3 71 
5 NEt3 instead of instead of Cs2CO3 15 
6 DBU instead of instead of Cs2CO3 60 
7 DMA instead of DMF 76 
8 DMSO instead of DMF 23 
9 MeCN instead of DMF 2 
10 PC2 instead of PC1 61 
11 PC3 instead of PC1 52 
12 PC4 instead of PC1 74 
13 Ir(ppy)3 instead of PC1 70 
14 Ir[dF(tbu)-ppy]3 instead of PC1 65 
15 No light 0 
16 No PC1 0 
17 0.1 mol% of PC1 instead of 1 mol% 85 (83%)[c] 
18 pCF3PhBr instead of pCF3PhI 74 (69%)[c] 

[a] Reactions were performed with 1a (0.2 mmol, 1 equiv), HNEt2 (0.4 mmol, 2 
equiv), CO2 (1 atm), PC1 (1 mol%), NiBr2.diglyme (5 mol%), L3 (5 mol%), 
Cs2CO3 (0.4 mmol, 2 equiv) and DMF (2 mL). The reaction mixture was stirred 
at RT for 16 hours under 2*27W CFL unless otherwise noted [b] Determined by 
19F NMR spectroscopy with PhOCF3 as an internal standard. [c] Isolated Yield. 

Then, we investigated other reaction parameters (Table 2). 
First, the impact of several bases on the reaction outcome was 
assessed. To some extent, K2CO3 showed interesting reactivity 
and 65% yield of 2a was obtained. Lower product formation was 
observed with K3PO4 (table 2, entry 3). Interestingly, the use of 
CsF provided good reactivity and the desired product 2a was 
obtained in 71% yield (table 2, entry 4). The use of organic bases 
was also investigated. While NEt3 furnishes the desired product 
in only very low yield of 15%, DBU showed good compatibility and 
60% of 2a was obtained (table 2, entries 15&16). Regarding the 
solvent, similar reactivity was observed in DMA but very low 
amount or traces of product were observed in DMSO and MeCN, 
respectively (Table 1, entries 7-9). Several photocatalysts were 
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also investigated. Cyanoarenes PC2-PC4 were effective and 
yields up to 74% were obtained (table 1, entries 10-14). Similarly, 
[Ir] based photocatalyst showed interesting reactivity although 
with lower efficiency than PC1 (Table 1, entries 13&14). Control 
experiments without light or without PC1 demonstrated the 
importance of both the light and the presence of the 
organophotocatalyst since no product formation was observed 
(table 2, entries 15&16). To our delight, decreasing the 

organophotocatalyst loading to 0.1 mol% afforded product 2a in 
85% yield (Table 1, entry 17). Finally, the use of p-
bromobenzotrifluoride was also effective under our reaction 
conditions and the corresponding product 2a was obtained in very 
good yield of 74% (Table 2, entry18). 

 

 

Scheme 2. Substrate scope: [a] Reactions were performed with 1 (0.2 mmol, 1 equiv.), amine (0.4 mmol, 2 equiv.), CO2 (1 atm), PC1 (0.1 mol%), NiBr2.diglyme (5 
mol%), L3 (5 mol%), Cs2CO3 (0.4 mmol, 2 equiv) and DMF (2 mL). The reaction mixture was stirred at RT for 16 hours unless otherwise noted. Yield of isolated 
products. [b] Determined by 19F NMR spectroscopy with PhOCF3 as an internal standard. [c] Determined by 1H NMR spectroscopy with 1,3,5-trimehtoxybenzene 
as an internal standard. 
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With the optimized set of conditions in hand, we turned our 
attention to studying the scope of the carboxylative Buchwald-
Hartwig amination. The use of several (hetero)aryl iodides and 
bromides was first investigated. Trifluoromethyl substituted iodo- 
as well as bromoarene were converted with low to very good yield 
(products 2a-c up to 77%). Arenes substituted with cyano groups 
were successfully employed under the reaction conditions and the 
desired products were obtained in excellent yields up to 87% 
(products 2d & 2e). The presence of ester groups either in the 
para or meta position was also tolerated under our protocol and 
the corresponding products were obtained in excellent yields 
either by starting from the iodo- or bromoaryl derivatives (products 
2f & 2g). Moreover, the use of sensitive functional groups toward 
basic conditions including acetyl and aldehyde were successfully 
converted to the desired product with moderate to very good 
yields (products 2f & 2i). Simple naphthalene and biphenyl 
starting material were smoothly converted to the desired 
carbamate derivatives with yields up to 82% (products 2i & 2j). 
Afterwards, pharmaceutically relevant heterocyclic pyridine-
based iodo and bromo derivatives were subjected to our protocol. 
The presence of methyl as an electron donating group allows the 
formation of the desired product in synthetically useful yield of 
53% (product 2l). Iodo- and bromopyridines substituted with CF3 
group are also tolerated under this protocol and the desired 
trifluoromethylpyridine carbamate were obtained in excellent 
yields up to 90% (products 2m-2o). Finally, the use of iodoaryl 
substituted either with boronic acid pinacol ester or bromo groups 
were converted to the desired corresponding aryl carbamate with 
yields up to 80% (products 2p-2q). Herein, post functionalization 
under cross-coupling reaction conditions is envisioned as a 
follow-up reaction. After observing good reactivity with different 
aryl iodides and bromide, we decided to investigate the scope of 
different amines derivatives. Other dialkylamine derivatives also 
showed excellent compatibility with our protocol including bulky 
di-iPr- and di-tBu-amines and the corresponding aryl carbamate 
were obtained in very good yields up to 75% (product 2fa and 2fb). 
Benzyilic amines were also tolerated under our reaction 
conditions and the desired aryl carbamates were obtained in 
excellent yields (2fc, 2fd and 2fe). The use of cyclic amine was 
also successfully investigated. Indeed, piperidine and morpholine 
turned out to be good amines coupling partners under our protocol 
(product 2ff and 2fg). Similarly, piperazine derivatives turned out 
to be effective for the synthesis of aryl carbamates (product 2fh 
and 2fi). Moreover, an excellent yield of 90% for aryl carbamate 
2fm was achieved starting from pyrrolidine as amine coupling 
partner. Finally, the use of pharmaceutically relevant amines was 
also investigated. Desipramine, Nortriptyline as well as 
Maprotiline were successfully coupled for the synthesis of aryl 
carbamates and the corresponding desired products were 
obtained in excellent yields up to 91% (products 2fk, 2fl and 2fm). 

After observing general reactivity with (hetero)aryl iodide and 
bromide as well as different amines coupling partners, we turned 
our attention to the investigation of the reaction mechanism by 
performing several control experiments. As observed in the 
optimization of the reaction, Ni(COD)2 is an active precatalyst for 
the carboxylative Buchwald-Hartwig amination (Table 1, entry 5). 
Herein, we envisioned that the oxidative addition of the aryl halide 
is a plausible first step for the catalytic cycle. In this context, we 
synthesized the Ni-I complex resulting from the oxidative addition 
of the tBubpy nickel(0) complex and the 4-bromobenzotrifluoride. 
This complex was then stoichiometrically submitted to the 

reaction conditions in the presence of 1 mol% of PC1. Surprisingly, 
no desired product was observed. Instead, 60% of the reduced 
product PhCF3 was detected in 19F NMR (Scheme 3, entry 1). 
Herein, the photochemical homolysis of the Ni–C6H4CF3 bond 
could occur as already reported by Doyle[12] and Hadt[13] followed 
by HAT to form the reduced PhCF3. Although this Ni(II) complex 
is not effective for the synthesis of aryl carbamate under 
stochiometric conditions, it turned out to be catalytically active for 
the  formation of the desired product 2a in 80% yield by 19F NMR 
(Scheme 3, entry 2). The photodegradation of complex Ni-I was 
confirmed in the presence of 1 mol% of PC1 under irradiation to 
give PhCF3.  (Scheme 3, entry 3). As previously reported, the 
photolysis of the Ni(II)-PhCF3 bond is expected to lead to a Ni(I) 
species that may be active for the desired cross-coupling reaction.  
Indeed, when the photolysis reaction is carried out in the presence 
of an external aryl iodide 1f in the reduced PhCF3 is formed along 
with the formation of compound 2f in 99% yield indicating the 
formation of an active nickel precatalyst in situ (Scheme 3, entry 
4). 

 
Scheme 3. Preliminary mechanistic investigations 

In order to get more insights into the reaction mechanism, we 
performed density functional theory (DFT) calculations to 
investigate the Ni(4,4’-dtbbpy)-catalyzed carboxylative amination 
of aryl iodide 1a with dimethyl amine as the model substrate.[14] 
We first examined the Ni(0)-Ni(II) pathway[8] that initiates from a 
nickel(0) active catalyst 16 (Figure 1). A three-centered oxidative 
addition (1TS1) of aryl iodide 1a forms an arylnickel(II) iodide (17), 
which then proceeds through ligand exchange with cesium 
carbamate 4 to form 19. The formation of cesium carbamate[15] 4 
from CO2, amine, and Cs2CO3•(DMF)2 (ΔG = −17.8 kcal/mol, 
Figure 1a), the aryl iodide oxidative addition (ΔG = −46.1 kcal/mol), 
and the ligand exchange with cesium carbamate (ΔG = −15.1 
kcal/mol) are all exergonic, the resulting nickel(II) carbamate 19 is 
highly thermodynamically stable. The direct C–O reductive 
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elimination (RE) from 19 requires an insurmountable barrier of 
43.4 kcal/mol (TS2) and is endergonic by 29.4 kcal/mol. This is 
consistent with previous computational studies that indicate the 
Ni(II)-Ni(0) C–O reductive elimination is challenging[16] whereas 
the reverse reaction—Ni(0)-Ni(II) oxidative addition of aryl 
carbamates—was exergonic by more than 25 kcal/mol.[17] Based 
on previous computational studies by Chen[16a] and Guan[16b] and 
experimental studies by MacMillan and Scholes[8b] that suggested 
the C–O(carboxylate) RE of Ni(II)(aryl) acetate complexes can be 
promoted by an energy transfer (EnT) process with iridium 
photocatalysts, we performed TD-DFT calculations to study the 
excitation-promoted C–O RE pathway to form aryl carbamate. 
Our calculations indicated that the adiabatic excitation of 
arylnickel(II) carbamate 19 leads to a metal-to-ligand charge 
transfer (MLCT) complex 39(MLCT) [18] with an adiabatic excitation 
energy of 34.0 kcal/mol. This MLCT complex involves single-
electron excitation from a metal d orbital to the π* orbital on the 
ligand (see Figure S1), thus leading to nickel(III) character that 
promotes C–O RE. The computed barrier for C–O RE from the 
MLCT complex 39(MLCT) is 24.8 kcal/mol, which is substantially 
lower than the C–O RE from ground state nickel(II) 19. The MLCT 
C–O RE transition state (3TS2(MLCT)) and the corresponding 
singlet 1TS2 are both square planar, although the former has a 
significantly longer forming C–O bond (1.97 Å compared to 1.72 
Å in 1TS2), indicating an earlier TS consistent with the Hammond 
postulate. 

 
Figure 1. Computed reaction energy profile of the Ni(0)/Ni(II) pathway.14  

Next, we considered an alternative mechanism with nickel(I) 
iodide 210 as the active catalyst (Figure 2). The nickel(I) species 
may be formed via either SET from the photocatalyst to NiBr2 
precatalyst,[19] or photochemical homolysis of arylnickel(II) 
halide[12, 13, 20] (see Scheme 3). Because the ligand exchange to 
afford nickel(I) carbamate 211 is exergonic by 10.6 kcal/mol, the 
aryliodide oxidative addition (2TS3) occurs with 211 to form an 

octahedral nickel(III) intermediate 212. In sharp contrast to the 
highly endergonic Ni(0)-Ni(II) oxidative addition, the Ni(III) 
intermediate 212 is only 6.3 kcal/mol more stable than 211. 
Complex 212 undergoes facile C–O reductive elimination via a 
five-membered cyclic TS (TS4). The Ni(III)-Ni(I) C–O RE requires 
a low barrier of 13.3 kcal/mol and is exergonic by 14.9 kcal/mol. 
The three-membered reductive elimination (TS4') is 10.4 kcal/mol 
less stable than TS4 (see Figure S5 for an even less favorable 
outer-sphere C–O RE involving a dissociated carbamate radical). 
Although the energy transfer-promoted C–O RE pathway via 
MLCT complex cannot be completely ruled out based on the 
computed barrier (ΔG‡ = 24.8 kcal/mol, vide supra), the Ni(I)-
Ni(III) pathway was found to require lower barriers in both Ar–I 
oxidative addition and C–O RE steps. Therefore, the DFT 
calculations indicate that the Ni(I)-Ni(III) pathway is kinetically 
feasible once the catalytically active Ni(I) or Ni(III) species is 
generated.[21] 

 

 

Figure 2. Computed reaction energy profile of the Ni(I)-Ni(III) pathway.14 

Conclusion 

We demonstrated that the carboxylative Buchwald-Hartwig 
amination could be performed under dual approach using an 
organophotocatalyst and an air stable Ni(II) precatalyst. The aryl 
carbamate derivatives have been synthesized under mild 
conditions of temperature and atmospheric pressure of CO2 
tolerating a wide range of commercially available (hetero)aryl 
iodides and bromides, and amines. Moreover, preliminary 
mechanistic investigations including stoichiometric reactions as 
well as DFT calculations have been performed to discriminate 
between two plausible catalytic cycles: a Ni(0)-Ni(II) catalytic 
cycle under EnT catalysis and a Ni(I)-Ni(III) catalytic cycle through 
SET.  Experimental data indicates the reduction of Ni(II) to 
generate an active Ni(I) catalyst as key step for the initiation of the 
catalytic cycle. Also, low barriers were required for both oxidative 
addition and C–O reductive elimination steps in the Ni(I)-Ni(III) 
cycle. Thus, these experimental and computational studies 

1TS2
ΔG‡(9→TS2) = 43.4

3TS2(MLCT)
ΔG‡(9→TS2) = 24.8
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support a Ni(I)-Ni(III) pathway as a more likely route for the 
synthesis of aryl carbamate.  

Experimental  

Synthesis of aryl carbamate: a 5 mL Snap vial was charged with 
aryl halide (0.2 mmol), NiBr2.diglyme (0.01 mmol, 5 mol%), dtbbpy 
(0.01 mmol), Cs2CO3 (0.4 mmol) and amine (0.4 mmol) 
successively. The vial was sealed and degassed under vacuum 
via syringe and filled with CO2 three times. Then, a solution of 
5CzBn (0.1 mol% in 0.2 ml of DMF) and 1.8 mL of DMF were 
added to the vial. The vial was placed in between two 27 W bulb 
light (LED, 5-10 cm from either side of the vial), allowing 
temperature to rise to 40 °C due to the proximity of the lights. After 
16 h, the solution was extracted three times with diethyl ether 30 
mL. The combined organic phases were dried over Na2SO4 and 
volatiles were evaporated. The crude product was further purified 
by flash column chromatography (SiO2, 10-20 % gradient of 
EtOAc in Pentane).22-29 
   
Computational Details 

Density functional theory (DFT) and time-dependent DFT (TD-
DFT) calculations were performed using Gaussian 16.30 All DFT 
geometry optimizations and vibrational frequency calculations 
were performed using the B3LYP-D3 functional31 with a mixed 
basis set of SDD32 for nickel, iodine, and cesium and 6-31G(d) for 
all other atoms in the gas phase. Single-point energy calculations 
were performed using the B3LYP-D3 functional with a mixed 
basis set of SDD for nickel, iodine, and cesium and 6-311+G(d,p) 
for all other atoms with solvation energy corrections. The solvation 
energy corrections were calculated in N,N-dimethylformamide 
(DMF) solvent with the SMD33 continuum solvation model. 
Because the excited metal-to-ligand charge transfer (MLCT) state 
leads to more polar structures, the geometries of triplet MLCT 
(tBubpy)Ni(aryl)(carbamate) complex 39(MLCT) and the C–O 
reductive elimination transition state 3TS2(MLCT) were optimized 
using TD-DFT in DMF solvent with the SMD solvation model. The 
TD-DFT geometry optimizations were performed at the first-
excited triplet state (see Figure S1 for molecular orbitals involved 
in this MLCT excited state) using the B3LYP functional with a 
mixed basis set of SDD for nickel and 6-31G(d) for all other atoms. 
Single point energies for TD-DFT calculations were also 
calculated with the B3LYP-D3 functional with a mixed basis set of 
SDD for nickel and 6-311+G(d,p) for all other atoms in DMF with 
the SMD solvation model. The triplet MLCT arylcarbamate 
product complex with Ni (316) is the triplet ground state. Therefore, 
this structure was optimized using DFT with the same functional 
and basis set as in the TD-DFT calculations [B3LYP-D3/SDD–6-
311+G(d,p)/SMD(DMF)//B3LYP/SDD–6-31G(d)/SMD(DMF)]. 
The reported Gibbs free energies include thermal corrections 
calculated at 298.15 K.34-38 
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The carboxylative Buchwald-Hartwig amination is disclosed herein under mild conditions of temperature and under atmospheric 
pressure of CO2. The key to success is the use of a dual strategy organophotocatalysis/nickel catalysis under visible light irradiation. 
The developed conditions demonstrated high functional group tolerance toward (hetero)aryl iodide and bromide. Furthermore, 
preliminary mechanistic investigations including stoichiometric reactions and DFT calculations shed light on the reaction mechanism. 
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