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Abstract

C–N cross-coupling is an important class of reactions with far-reaching impacts across chemistry, 

materials science, biology, and medicine. Transition metal complexes can elegantly orchestrate 

diverse aminations but typically require demanding reaction conditions, precious metal catalysts, 

or oxygen-sensitive procedures. Here, we introduce a mild nickel-catalyzed C–N cross-coupling 

methodology that operates at room temperature using an inexpensive nickel source (NiBr2·3H2O), 

is oxygen tolerant, and proceeds through direct irradiation of the nickel–amine complex. This 

operationally robust process was employed for the synthesis of diverse C–N-coupled products (40 

examples) by irradiating a solution containing an amine, an aryl halide, and a catalytic amount of 

NiBr2·3H2O with a commercially available 365 nm LED at room temperature without added 

photoredox catalyst and the amine substrate serving additional roles as the ligands and base. 

Density functional theory calculations and kinetic isotope effect experiments were performed to 

elucidate the observed C–N cross-coupling reactivity.

Graphical abstract

INTRODUCTION

Aryl carbon–nitrogen (C–N) bonds are ubiquitous across a wide range of natural products 

and medicinally relevant compounds,1,2 making aminations one of the most important and 
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frequently used reactions in medicinal chemistry.3 Copper-catalyzed Ullmann condensations 

constitute one of the oldest methods to construct an aryl C–N bond but commonly require 

elevated temperatures (e.g., 200 °C) that can limit reaction scope (Scheme 1).4,5 In the past 

two decades, however, there has been renewed interest in Ullmann-type cross-coupling 

reactions, largely due to the significant advances in new Cu/ligand systems that have 

drastically lowered reaction temperatures (e.g., 100 °C) and have employed catalytic, rather 

than stoichiometric, amounts of Cu species.6,7

Since the development of Ullmann-type coupling, the field of transition-metal-catalyzed C–

N bond formation has evolved to provide a plethora of approaches for efficient aminations. 

Notably, palladium-catalyzed C–N cross-coupling has become the predominant method for 

constructing aryl C–N bonds.2,8,9 As such, the potential to use abundant nickel catalysts10 

has received significant interest.11–13 The widespread use of Ni is, however, hampered by 

the required use of high temperatures, strong alkoxide bases, and air-sensitive Ni(0) 

compounds.14 Although methods that implement air-stable Ni(II) complexes have been 

developed,15,16 excess reductants or strong bases are required to generate the Ni(0) in situ, 

which can severely limit functional group tolerance.

In recent years a new paradigm has arisen in aryl C–N bond formation as methods have 

emerged that are driven by light or electricity.17 For example, photoinduced Ullmann C–N 

cross-coupling proceeds through light irradiation of the Cu–amine complex and an aryl 

halide, which participate in a single electron transfer event to facilitate aryl C–N bond 

formation at room temperature.18,19 Although a significant advance, the reaction typically 

requires a strong alkoxide base and high-energy UV irradiation (e.g., 254 nm), and has a 

limited reaction scope.

More recently, dual photoredox systems driven by light through a union of photoredox 

catalysts (PCs) and Ni catalysis for C–N cross-couplings have been reported.20,21 The use of 

precious-metal-based PCs (e.g., Ir) in these systems, however, raises sustainability and cost 

concerns for the proliferation of such technology. As such, we have focused on developing 

strongly reducing organic PCs and have demonstrated dihydrophenazine22 and 

phenoxazine23 organic PCs as sustainable replacements for the precious metal PCs, 

achieving dual Ni/photoredox catalysis for aryl C–N bond formation under similar mild 

reaction conditions.24 These organic PCs were also shown to be effective in replacing Ir PCs 

in applications such as light-driven atom transfer radical polymerization, 

trifluoromethylation, and C–S cross-coupling.24–26

Herein, we describe a light-driven and Ni-catalyzed C–N cross-coupling methodology that 

does not use an added PC. The amine substrate further serves as the ligand in Ni complexes, 

significantly blue-shifting the UV–vis spectrum, and acts as the base to neutralize the acid 

byproduct. The exclusion of the added PC is enabled through direct photoexcitation of the 

nickel–amine complex (vide infra). This work establishes that the catalytically active Ni 

state for C–N cross-coupling can be efficiently accessed through electronic excitation of a 

nickel–amine complex without the aid of a supplementary PC to effect electron or energy 

transfer.27,28 By eliminating the need for a PC, this work is expected to further contribute to 

the mechanistic understanding of Ni-catalyzed cross-coupling chemistry29–33 in addition to 
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improving the potential and sustainability of this technology. Comparable success was 

achieved with Ni-catalyzed C–C and C–O bond formation;34,35 however, the mechanistic 

steps involved in these coupling reactions are expected to be distinct from the aryl C–N bond 

formation described here.

RESULTS AND DISCUSSION

We hypothesized that such a C–N coupling reaction could utilize air-stable Ni(II) salts for a 

photoinduced electron transfer reaction between an electron-rich amine and the electron-

poor Ni(II) to generate an amino radical36,37 and Ni(I),38 the proposed active species for C–

N cross-coupling. During reaction development, we determined that C–N cross-coupling 

between 4-bromobenzotrifluoride and morpholine was efficient under irradiation with a 365 

nm ultraviolet LED in a DMAc solution containing 5 mol% NiBr2·3H2O and 1.5 equiv of 

quinuclidine under a nitrogen atmosphere at room temperature. Active fan cooling of the 

LED maintained the reaction temperature <30 °C (see Supporting Information, Figure S11). 

After 3 h of irradiation, C–N-coupled product 1 was obtained in 95% yield (determined from 
19F NMR, Figure S1) and was isolated at 91% yield (Table 1).

Control experiments revealed that no reaction occurred in the absence of light at either room 

temperature or 80 °C (Table 1, entry 1). Irradiation using a visible light 405 nm LED was 

similarly effective at promoting aryl C–N bond formation (93%, entry 2) but proceeded at a 

slower rate (Figure S2). The nickel salt is crucial for amination as no reaction was observed 

when it was omitted (entry 3). At 95% yield, both hydrated nickel salts NiBr2·3H2O and 

NiCl2·6H2O (entry 5) gave identical yield to NiBr2·glyme (entry 4), which was used in 

previous light-driven or electrochemically driven C–N cross-coupling reactions (Scheme 1e–

g).17,20,21,24 Markedly, hydrated nickel salts are at least 2 orders of magnitude cheaper than 

NiBr2·glyme, thus rendering this aryl C–N cross-coupling methodology economically 

attractive.

The choice of base significantly impacts the success of the reaction. Quinuclidine 

outperformed other organic bases (Figure S5) such as triethylamine, N,N-

diisopropylethylamine, and DABCO (1,4-diazabicyclo[2.2.2]octane), while the stronger 

base DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) almost completely halted the reaction (2% 

yield, entry 8). Unexpectedly, 55% yield was obtained in the absence of quinuclidine base 

(entry 6), where excess morpholine presumably acted to neutralize the HBr byproduct. As 

such, using a larger excess of morpholine (3.5 equiv, entry 7), the yield improved to 94% 

(87% isolated). In addition to water tolerance (through use of NiBr2·3H2O), the presence of 

oxygen also did not appreciably affect the yield (91%, entry 9). Notably, oxygen tolerance 

was similarly observed in previously reported light- or electricity-driven C–N cross-coupling 

systems catalyzed by Ni salts.17,20 Kinetically, this C–N cross-coupling reaction is 

reasonably fast, reaching 72% after 1 h of irradiation (entry 10).

With the optimized conditions at hand, we sought to investigate the amine and aryl halide 

scope (Scheme 2). Secondary (Scheme 2, species 1–9), primary alkyl (10–13), and primary 

(hetero)aryl amines (14–17) were all successfully coupled with 4-bromobenzotrifluoride to 

yield the corresponding C–N products. For morpholine, in addition to aryl bromide (1a, 
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87%), 4-iodobenzotrifluoride (1b) was also effectively coupled in 70% isolated yield in 3 h. 

4-Chlorobenzotrifluoride (1c), in contrast, was proven to be a challenging substrate and only 

gave 18% yield after 15 h of irradiation. C–N cross-coupling between morpholine and 4-

bromobenzotrifluoride was further scaled to 6.4 mmol and isolated in 82% yield (1.21 g) 

after 15 h of irradiation using the same photoreactor setup.

Piperidine (2, 81%) and pyrrolidine (7, 77%) were both coupled in high yield without added 

base. A variety of functional groups were tolerated under these reaction conditions. For 

example, piperidine derivatives containing methyl (3, 87%), cyano (4, 88%), hydroxyl (5, 

84%), and ester (6, 69%) functional groups were efficiently coupled. Highlighting the 

tolerance to oxygen, 3 was isolated in 86% yield when the solvent and reagents were used as 

received, without degassing. Significantly, hydroxyl groups are tolerated by this C–N 

coupling condition as a strong base (e.g., alkoxide) is not employed. The efficacious 

coupling of unprotected piperazine (8, 61%), not demonstrated in previous photochemical or 

electrochemical approaches,17,20,21 is particularly important39 as the aryl C–N-coupled 

piperazine moiety is prevalent among therapeutic compounds40 such as aripiprazole and 

flibanserin. The Boc-protected piperazine (9) was shown to be more reactive, yielding the 

C–N product in 85%.

Primary alkyl amines were typically less reactive than secondary amines, generally resulting 

in lower yield while requiring longer irradiation times (e.g., 15 h). Nonetheless, 

cyclohexylamine (10, 70%), propylamine (11, 41%), hexylamine (12, 57%), and 

phenethylamine (13, 33%) were successfully coupled to 4-bromobenzotrifluoride in 

moderate to good yield. It is noteworthy that phenethylamine and its analogues are naturally 

occurring alkaloids that are commonly found in psychoactive drugs.41 Furfuryl amine (16, 

28%) and aromatic amines such as aniline (14, 67%), 4-fluoroaniline (15, 46%) and 3-

aminopyridine (17, 90%) were also effectively coupled. Since aromatic amines are less basic 

than primary or secondary alkyl amines, 1.5 equiv of quinuclidine as the base was required 

to obtain appreciable yields.

In a previous photochemical system employing Ni and Ir PC, the addition of 10 mol% of 

pyrrolidine was required to effect the coupling of aniline and therefore resulted in a mixture 

of two C–N-coupled products derived from both pyrrolidine and aniline.21 On the contrary, 

our approach does not require the addition of a secondary amine or elevated temperature 

(e.g., 55 °C) to promote coupling of aniline, thus avoiding undesirable product mixtures. For 

example, coupling under our approach proceeds effectively at room temperature for 9, 10, 

and 14 where 55 °C was required previously.21 For 3-aminopyridine, few examples have 

been reported using Ni to catalyze C–N cross-coupling. A light-driven Ni/Ir PC system was 

employed for the cross-coupling of 3-aminopyridine and 4-iodotoluene with 33% yield,20 

which is increased to 90% yield in our approach using 4-bromobenzotrifluoride (17) as the 

coupling partner. Furthermore, Pd catalysis has not been implemented for the synthesis of 

compound 17 using 3-aminopyridine. Cu was previously used to catalyze formation of 17;42 

however, an aryl boronic acid was used as the coupling partner instead of an aryl bromide as 

demonstrated here.
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Regarding the scope of aryl halides, this C–N cross-coupling method is compatible with aryl 

halides containing trifluoromethyl (Scheme 2, species 1–20), fluoro (21–24), chloro (25), 

amide (26), methyl (28), methoxy (29–31), cyano (32), ester (33), and carbonyl (34) 

functional groups. In addition, heteroaryl halides containing pyridine (35) and pyrimidine 

(36) were also successfully coupled. Generally, aryl halides containing electron-withdrawing 

groups are more reactive than their electron-neutral or electron-donating counterparts. For 

example, when comparing substituents in the para position of an aryl bromide under similar 

reaction conditions, the yield of cyano (32, 86%) > hydrogen (27a, 53%) > methoxy (29a, 

7%). The use of aryl iodides such as iodobenzene (27b, 66%), 4-iodoanisole (29b, 26%), 

and 3-iodopyridine (35b, 47%) resulted in increased yields relative to using aryl bromides.

To further establish the utility of this C–N cross-coupling method, it was employed in 

multistep syntheses (Figure 1A,B). Recently, we reported a visible light-driven aryl C–S 

cross-coupling methodology that proceeds under mild conditions to synthesize a wide range 

of diaryl thioether products through white LED irradiation of a solution containing 

(hetero)aryl thiol, (hetero)aryl halide and Cs2CO3 in DMSO at room temperature in the 

absence of catalysts.43 Using this method, we synthesized aryl thioether 37 at 56% yield and 

subsequently subjected it to the C–N cross-coupling conditions developed here, coupling it 

with 3-aminopyridine to yield novel compound 38 in 88% yield (Figure 1A). This example 

highlights two industrially important processes, namely aryl C–S and C–N cross-couplings, 

that can be driven by light irradiation under mild conditions to achieve molecular 

complexity.

The piperazine functionality is abundant across pharmaceutical products (vide supra).40 

Using established methods,44 in four synthetic steps we converted aryl-coupled piperazine 

derivatives 19, 9, and 22 to flibanserin (39) and two flibanserin derivatives (40 and 41, 

Figure 1B). We note that 40 can also be accessed from 8, therefore eliminating both Boc 

protection and deprotection steps. These examples illuminate the prospect of efficient and 

sustainable access to medicinally relevant precursors using this C–N coupling procedure for 

the development and manufacturing of pharmaceutical products.

To gain insight into this mechanism, density functional theory (DFT) calculations were 

performed to compute the energetics of intermediates involved in the proposed lowest 

energy potential energy surface (Figure 1C–E).26,45 Specifically, to construct possible 

mechanistic pathways the mechanism to produce 1a was investigated.

A proposed mechanism commences with formation of nickel–amine complexes 

[NiBr2(morph)n], where n = 2 or 3 and morph = morpholine (Figure 1C,D). The λmax of a 

NiBr2·3H2O solution in DMAc blue-shifted from 657 nm to ~550 nm as 1–4 equiv of 

morpholine (relative to Ni) was sequentially added (Figure S18). We assign the species 

absorbing at ~550 nm as NiBr2(morph)2. Further, as 8–70 equiv of morpholine was 

successively added to the Ni solution, the ~550 nm peak gradually decreased while the peak 

at ~430 nm increased. We assign the absorption peak at ~430 nm to [NiBr2(morph)3]. These 

assignments are based on previous reported [NiBr2(morph)2] and [NiBr2(morph)3] 

complexes, which displayed λmax = 580 and 454 nm, respectively.46 Notably, these λmax 
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values, which were recorded as Nujol mulls, are systematically offset from our values in a 

DMAc solution by ~30 nm.

Under these reaction conditions, containing 70 equiv of morpholine relative to Ni, we 

suggest that [NiBr2(morph)3] exists as the predominant species in equilibrium with [NiBr2-

(morph)2]; this is supported by the relatively strong peak absorbance at 427 nm and weak 

absorbance at 543 nm (Figure 1C). In addition, [NiBr2(morph)3] is a brownish yellow solid 

that is very distinct from the deep blue color of [NiBr2-(morph)2].46 Thus, the observed 

color change from the teal NiBr2·3H2O solution in DMAc (λmax = 657 nm) to brownish 

yellow (λmax = 427 nm) upon addition of 70 equiv of morpholine further supports the 

presence of [NiBr2(morph)3] as the predominant nickel–amine complex (Figure 1C). 

Importantly, the blue-shifting of the UV–vis spectrum upon amine addition was similarly 

observed for basic alkyl amines such as pyrrolidine, piperidine, and cyclohexyl amine 

(Figure S19). Here, we further note that the UV–vis spectrum in the region from 350–800 

nm remained identical upon addition of 4-bromobenzotrifluoride to a solution containing 

NiBr2·3H2O and morpholine, demonstrating that only the nickel–amine complexes are 

responsible for photon absorption in the region of 350–800 nm to effect C–N cross-coupling 

(Figures S12–S17).

Computationally, the displacement of three water molecules by three morpholine molecules 

to generate [NiBr2(morph)3] was determined to be exergonic by 22.1 kcal/mol (Figure 1C). 

In addition, the ground state of [NiBr2(morph)3] was computationally determined to be a 

triplet that is 14.0 kcal/mol more stable than the corresponding singlet (Figure S25). 

Corroborating DFT predictions, [NiBr2(morph)3] was reported to exhibit a magnetic 

moment of 2.95 μB, reaffirming the triplet ground state.46

We propose that catalytic activity for aryl C–N bond formation begins with photon 

absorption by [NiBr2(morph)n] (A), where n = 2 or 3 (Figure 1D); for n = 3, λmax = 427 nm 

and εmax = 126 M−1 cm−1. Using 365 nm as the excitation wavelength, we were able to 

measure the emission spectrum of a DMAc solution containing predominantly the proposed 

[NiBr2(morph)3] species (Figure S20), which features sharp and broad emission peaks at 

386 and 484 nm, respectively. Interestingly, measuring the emission intensity (at λ = 484 

nm) as a function of excitation wavelength revealed that the maximum emission intensity at 

this wavelength occurs with excitation at 359 nm (Figure S21). Thus, despite the low molar 

absorptivity at 365 nm (Figure 1C), excitation is efficient using this irradiation wavelength.

Under 365 nm LED irradiation, we propose that photo-induced electron transfer from 

electron-rich morpholine to the electron-poor Ni(II) metal center results in the reduced Ni(I) 

and oxidized morpholine radical cation (B), which can subsequently dissociate into the 

corresponding ion pairs (C). Thermodynamically, the free energy cost to produce C from A 
(ΔG°AC) is endergonic by 57.0 kcal/mol (for n = 3), which is energetically supplied by 

photon absorption (365 nm or 78.3 kcal/mol). The proton of the morpholine radical cation is 

relatively acidic and the bromide anion of Ni(I) complex C is also comparatively labile such 

that excess morpholine in solution can act as a base to neutralize the HBr to form D 

( ΔGCD
0 = − 13.2 kcal/mol, n = 3).
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The Ni(I) species and morpholine radical in D are both reactive intermediates that can react 

with 4-bromobenzotrifluoride through either step DE or DF. In step DE, the morpholine 

radical adds to 4-bromobenzotrifluoride to form the desired product 1a through bromine 

atom displacement (E). The DFT-predicted free energy of activation ΔGDE
‡  for this step is 

23.3 kcal/mol, while the free energy of reaction is thermodynamically favored by 10.0 kcal/

mol. The Ni(I) species and the bromine atom in E can then quench ( ΔGEG
0 = − 55.6 kcal/

mol, n = 3) to form the closed-shell [NiBr2(morph)n‑1] complex (G). Subsequently, G can 

associate with morpholine in solution ( ΔGGA
0 = − 1.1 kcal/mol, n = 3) to re-enter the 

catalytic cycle as A.

Alternatively, 4-bromobenzotrifluoride can oxidatively add to Ni(I) species in D to form a 

Ni(III) intermediate (F) ( ΔGDF
‡ = 19.6 kcal/mol and ΔGDF

0 = 12.2 kcal/mol, n = 3). This 

Ni(III) and the morpholine radical can then react energetically ( ΔGFG
0 = − 77.8 kcal/mol, n 

= 3) to eliminate the C–N product 1a while forming the aforementioned G. The DFT-

predicted transition-state structures for steps DE and DF are shown in Figure 1E. We note 

that the commonly employed entropy evaluations within the rigid rotor, harmonic oscillator, 

and ideal gas approximations normally overestimate the entropic cost (>5 kcal/mol) for 

reactions occurring in solution phase45,47,48 such that the predicted ΔGDE
‡  and ΔGDF

‡  values 

are likely overestimated.

Investigating the reaction in the presence of 0.2 equiv of 2,2,6,6-tetramethyl-1-

piperidinyloxy (TEMPO), the production of 1a was significantly decreased such that only 

59% conversion was observed after 15 h of irradiation. Addition of 0.5 equiv of TEMPO or 

more completely halted the C–N coupling reaction. These observations suggest that radical 

intermediates are involved in the mechanism of this transformation.

Next, we compared the rate of C–N product formation between piperidine and piperidine-

d11 using 4-bromobenzotrifluoride as the coupling partner (Figure 2) in order to determine 

the kH/kD ratio to investigate the presence of a kinetic isotope effect (KIE).49–51 In 

monitoring the reactions, we observed an inhibition period of 6 min for piperidine and much 

longer 52 min for piperidine-d11. The involvement of O2 in this inhibition was ruled out 

because the solutions were carefully deoxygenated, and the cause of this inhibition period is 

currently unknown. With incorporation of the inhibition period values, we numerically 

solved the second-order rate equation to obtain kobs(H) = 0.054 M−1 min−1 and kobs(D) = 

0.011 M−1 min−1 for piperidine and piperidine-d11, respectively. As a result, the KIE value 

was determined to be 4.9. The large KIE = 4.9 value is consistent with a primary KIE for 

dissociating a N–H(D) bond in the rate-determining step prior to forming a C–N bond.

CONCLUSIONS

We have developed a light-driven and nickel-catalyzed C–N cross-coupling methodology 

that proceeds via direct photoexcitation of nickel–amine complexes. This work reveals that 

catalytically active nickel states can be efficiently accessed without requiring energy or 

electron transfer mechanisms from a supplemental photoredox catalyst. By irradiating a 
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solution containing an amine, an aryl halide, and a catalytic amount of NiBr2·3H2O with a 

commercially available 365 nm LED at room temperature, this operationally simple process 

was applied for the coupling of secondary, primary alkyl, or primary (hetero)aryl amines and 

aryl halides with diverse electronics (40 examples) without added photoredox catalyst or 

ligand and, in most cases, without added base. The effectiveness of this method was 

highlighted by the successive use of light-driven C–S/C–N cross-couplings to synthesize 

complex structures as well as en route to the synthesis of flibanserin and structurally related 

derivatives. DFT calculations suggest the production of an amino radical through irradiation 

of the nickel–amine complex. Concomitantly, the large H/D kinetic isotope effect value of 

4.9 (for piperidine) suggests the dissociation of a N–H(D) bond as the rate-determining step 

to generate the amino radical for the observed C–N cross-coupling reactivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Synthetic applications and mechanistic studies. (A) Light-driven sequential C–S and C–N 

cross-couplings to construct molecular complexity. For the synthesis of 37, 1.0 equiv of 4′-
bromoacetophenone and 1.5 equiv of 3-bromothiophenol were used; for the synthesis of 38, 

1.5 equiv of 3-aminopyridine and 1.5 equiv of quinuclidine base were used. DMSO = 

dimethyl sulfoxide. (B) Synthesis of flibanserin and two structurally related derivatives; the 

yields of 19, 9, and 22 are shown in Scheme 2. Using 19, 9, and 22 as the reagents, 39, 40, 

and 41 were obtained in the yields of 50%, 40%, and 70%, respectively. (C) UV–vis spectra 

of NiBr2·3H2O and NiBr2·3H2O + morpholine in DMAc; 70 equiv of morpholine was added 
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with respect to NiBr2·3H2O in accordance to our standard reaction conditions. Photographs 

showing the teal color of NiBr2·3H2O solution in DMAc transformed to brownish yellow 

upon morpholine addition. (D) Proposed C–N cross-coupling mechanism derived from 

density functional theory (DFT) calculations for n = 3. Reported free energies (in kcal/mol at 

298 K and 1 M in solution) were computed at uM06/6-311+G(d,p)//uM06/6-31+G(d,p) level 

of theory with CPCM-described solvation in DMAc solvent. (E) Computed transition state 

structures for steps DE and DF (for n = 3). morph = morpholine, PhCF3Br = 4-

bromobenzotrifluoride, CPCM = conductor-like polarizable continuum model; λmax is the 

maximum absorption wavelength and ε the molar absorptivity.
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Figure 2. 
Kinetic Isotopic Effect (KIE) Experiment. The rate of C–N cross-coupling was compared 

between piperidine and piperidine-d11 using 4-bromobenzotrifluoride as the coupling 

partner. Reactions conditions: 1.0 equiv of 4-bromobenzotrifluoride (0.4 mmol), 3.5 equiv of 

piperidine (H or D), 5 mol% NiBr2·3H2O, and irradiation at 365 nm. The observed rate 

constant (kobs) was determined by solving a second-order rate equation model via numerical 

integration (RK4 method, Figures S23 and S24); inhibition periods of 6 and 52 min were 

included in the model fitting of piperidine and piperidine-d11, respectively.
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Scheme 1. 
Historical Development of the C–N Cross-Coupling Reaction
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Scheme 2. 
C–N Cross-Coupling via Photoexcitation of Nickel–Amine Complexes: Amine and Aryl 

Halide Scope

Unless otherwise specified the reaction was conducted at 0.4 mmol scale and aryl bromide 

was used as the coupling partner. Percent isolated yield is reported next to the product’s 

boldface number. A photograph depicts the 3D-printed photoreactor equipped with the 365 

nm LED used in this study (Figures S8 and S9). The LED consumes 13 W with 3.3 W 

radiant flux at 700 mA and 15.5 V (top right). Abbreviations: DMAc, N,N-
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dimethylacetamide; rt, room temperature; LED, light-emitting diode; Boc, tert-
butyloxycarbonyl. a3.5 equiv amine used with no added base. b6.4 mmol scale reaction. 
cDimethyl sulfoxide (DMSO) used as solvent. d1.5 equiv amine used with 1.5 equiv 

quinuclidine base. See Supporting Information for further details.
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Table 1

Reaction Development and Control Experimentsa

entry deviation from conditions above yieldb (%)

1 no light (rt or 80 °C) 0

2 13 W 405 nm LED 93

3 no nickel salt 0

4 5 mol% NiBr2·glyme 95

5 5 mol% NiCl2·6H2O 95

6 no quinuclidine base 55

7 no quinuclidine, 3.5 equiv morpholine 94 (87)c

8 1.5 equiv DBU base 2

9 same as entry 7, presence of oxygend 91

10 1 h 72

a
0.4 mmol scale. Abbreviations: DMAc, N,N-dimethylacetamide; rt, room temperature; LED, light-emitting diode; DBU, 1,8-diazabicyclo-

[5.4.0]undec-7-ene.

b
Yield determined by 19F NMR.

c
Isolated yield.

d
Deoxygenated reaction mixture sparged with air for 2 min prior to light irradiation.
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