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Abstract: Ni-catalyzed electrochemical aryl amination (e-amination) is an attractive, emerging

approach to forging C—N bonds as it uses air-stable Ni catalysts and efficiently proceeds at room
temperature. However, in-depth mechanistic understandings of this new C—N cross-coupling
methodology remain underexplored. Herein, extensive experimental and computational studies
were conducted to examine the mechanism of Ni-catalyzed electrochemical aryl amination
reactions. The results suggest coordination of an amine to the Ni"l catalyst occurs before the
cathodic reduction and oxidative addition steps. A stable Ni'' aryl amido intermediate is produced
from the cathodic half-reaction, a critical step in controlling the selectivity between cross-coupling
and undesired homo-coupling reaction pathways. In addition, redox-active bromide in the

supporting electrolyte functions as a redox mediator to promote the oxidation of the stable Ni'! aryl



1 I

amido intermediate to a Ni~ aryl amido intermediate. Subsequently, the Ni™" aryl amido
intermediate undergoes facile reductive elimination to provide a C—N cross-coupling product at
room temperature. These mechanistic insights about the Ni-catalyzed aryl e-amination are valuable
for understanding and developing new Ni-catalyzed aryl e-amination reactions and also other Ni-

catalyzed electrosynthetic reactions such as C—C and C—O cross-couplings.

Introduction

Aryl amination C(sp?)—N cross-coupling reactions are highly valuable and widely used in
organic synthesis as aniline-type functional groups are ubiquitously present in drugs and natural
products.'* In 2017, Baran and co-workers reported Ni-catalyzed electrochemical aryl amination
reactions (e-amination) between (hetero)aromatic halide/triflate electrophiles and aliphatic amine
nucleophiles in the presence of a NiBr..DME precatalyst and 4,4’-di-tert-butyl-2,2’-dipyridyl
(dtbbpy) ligand (Scheme 1).° Later, Baran advanced this aryl e-amination to amino acid,
oligopeptides, and nucleoside nucleophiles by using bench-stable Ni(bpy);Br> catalyst and DBU
base.® More recently, Rueping’s group further extended the substrate scope of this aryl e-amination
to electron-rich aryl halide/triflate electrophiles and weak N-nucleophiles such as aniline,
sulfonamide, sulfoximine, carbamate, and imine through adjusting the strength of the base.’
Mechanistic studies by Baran and co-workers using UV-Vis spectroscopy, electrochemical studies,

VT catalytic pathway outlined in Scheme 1.° In this proposed

and DFT calculations suggested a Ni
catalytic cycle, a cathodic reduction generated a [LNi'Br] species that directly undergoes oxidative
addition with the aryl halide to form a Ni'! aryl intermediate, [LNi'"(Ar)Brz], which is rapidly
transformed into a stable [LNi'(Ar)Br] intermediate via facile comproportionation with [Ni']
species or through cathodic reduction. The [LNi''(Ar)Br] intermediate is then converted to a Ni'!
aryl amido complex, [LNi"(Ar)(NRiR2)], through amine ligand exchange. Anodic oxidation
provides an oxidized Ni'" aryl amido complex [LNi'"! (Ar)(NRR2)Br] for reductive elimination to
produce the aryl e-amination product and recover the [LNi'Br] catalyst. The direct amine ligand

exchange for the [LNi'"'(Ar)Br;] intermediate to form [LNi"" (Ar)(NR;R2)Br] was proposed as a

minor pathway (dashed catalytic arrow in Scheme 1).

Scheme 1. Ni-Catalyzed e-Amination and Previously Proposed Mechanism.
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In our effort of studying mechanisms of Ni-catalyzed electrochemical C—C cross coupling
reactions,® we serendipitously discovered that amine ligands could affect the electrochemical
oxidative addition of aryl halides by Ni/bipyridine catalysts. This discovery led us to carry out
comprehensive experimental and computational studies on the mechanism of Ni-catalyzed aryl e-
amination reactions (Figure 1A). The combination of experiments and theory suggests a new
reaction pathway where coordination of the N-nucleophile to Ni!! catalyst occurs before the
cathodic reduction and oxidative addition steps, and the N-coordinated Ni'l catalyst is reduced to
Ni! species at the cathode through a single-electron transfer process. The Ni' aryl amine
intermediate is deprotonated to yield a stable Ni'! aryl amido intermediate, which is a key step that
determines the selectivity between homo-coupling and cross-coupling reaction pathways.
Experiments also suggest that bromide anion is oxidized to Br2/Brs at the anode, which not only
balances the charge but also likely functions as a redox mediator to oxidize the Ni! aryl amido

M aryl amido species for reductive elimination. These new details

intermediate to high-valent Ni
about the Ni-catalyzed aryl e-amination reaction will be useful for understanding and developing

many other Ni-catalyzed electrosynthetic reactions such as C—O and C—C cross couplings.

Results and Discussion

Electrochemcial and Spectroscopic Studies of the Cathodically Oxidative Addition of Aryl
Halide by A Ni/dtbbpy Catalyst



As a follow-up effort of our recent work on Ni-catalyzed redox-neutral electrochemical C—C
cross coupling reactions,® we have been trying to gain a mechanistic understanding of the cathodic
oxidative addition of an aryl halide by a Ni/bipyridine catalyst. To gain insight into the cathodic
half-reaction of the aryl halide oxidative addition, we first conducted cyclic voltammetry (CV)
studies on the reaction mixture in the negative potential range. As shown in Figure 1B,
NiBr..DME/dtbbpy (1 : 1) catalyst showed a quasi-reversible redox signal with E;,=-1.29 V (vs.
ferrocene/ferrocenium (Fc*°)) (gray curve). There is no agreement on whether this redox event
belongs to the single-electron transfer Ni'! redox couple or the two-electron transfer Ni"° redox
couple.b313 We performed galvanostatic electrolysis and UV-Vis monitoring experiments on the
NiBr,.DME/dtbbpy (1 : 1) catalyst to reveal the electrochemical behavior of the Ni-catalyst at the
cathode. As shown in Figure S1, no Ni’ species were detected throughout the electrolysis process,
even after consuming excess charges. The result suggests that the redox signal at £;, =-1.29 V

(vs. Fc*’°) belongs to the Ni'"! redox couple.
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Figure 1. Ni-catalyzed e-amination and related electrochemical and UV-Vis absorption studies.
(A) Ni-catalyzed e-amination reaction between 4-bromobenzotrifluoride (1) and NH>Cy (2); (B)
Cyclic voltammograms (CV) of the reaction mixtures with different combinations (scan rate, 100
mV/s and glassy carbon working electrode); (C) CV of the reaction mixture (green) and the
monitored electrode potentials during the electrolysis; (D) UV-Vis spectra and photos of the Ni-
catalyst in the absence (left sample, blue curve) and presence (right sample, green curve) of 30 eq.
amine 2; (E) UV-Vis absorption of the Ni' species prepared through controlled potential
electrolysis (CPE) of NiBr,.DME/dtbbpy (1 : 1) (blue curve), a mixture of NiBr.. DME/dtbbpy (1
: 1) and 30 eq. 2 (green curve), and adding 30 eq. 2 to the Ni' intermediate prepared from
NiBr..DME/dtbbpy (1 : 1) (orange curve).

Then we proceeded to see if an amine ligand would affect the redox chemistry of the Ni-
catalyst and subsequent cathodic oxidative addition of an aryl halide. After adding
cyclohexylamine (NH2Cy, 2), the Ni"" redox signal was shifted to £/, =-1.46 V (vs. Fc*) (orange
curve). The negative shift of redox potential is likely due to the coordination of 2 to the Ni'! center,
as the amine is an electron-donating ligand. Further adding 4-bromobenzotrifluoride (1), the
reductive peak current intensity was significantly increased. Meanwhile, the return peak
disappeared (green curve), indicating the oxidative addition of 1 to the electrochemically generated
Ni! species. Notably, in the absence of 2, the current response of Ni-catalyst to aryl bromide 1 was
much stronger and the reductive onset potential was more positive (blue curve). The reduced
current response of Ni-catalyst to 1, in the presence of 2, is likely due to the coordination of 2 to
Ni! species, which leads to an extra steric hindrance effect and slows down the oxidative addition
reaction. As shown in Figure S2, the current response of Ni-catalyst to the aryl bromide 1 in the
presence of less hindered octan-1-amine (4) and more hindered fert-butylamine (5) was in order

of4>2>S5.

Experimental Studies of Electrochemcial Aryl Amination by A Ni/dtbbpy Catalyst

Then, we examined the aryl e-amination reaction using 1 as an electrophile, 2 as a nucleophile,
and a NiBr..DME/dtbbpy catalyst (Figure 1A). 68% yield of the amination product 3 was obtained
after galvanostatic electrolysis in an undivided cell, which is comparable to previous reports.> A
higher yield of amination product 6 (81%) was obtained from 4. However, only 17% yield of
product 7 was obtained from 5 (Scheme 2A). It shows the effect of steric hindrance of the amine
substrates on the reaction efficiency. In contrast to the reported mechanism (Scheme 1) where
amine coordinates with Ni after the oxidative addition of an aryl halide, our results reveal that the

amine coordination with the Ni-catalyst occurs as the first step and suggests a different catalytic



mechanism of Ni-catalyzed arylamination. This observation inspired and encouraged us to
examine the electrochemical arylamination in more detail.

When we prepared the reaction mixture, we noticed an apparent color change in the
NiBr,.DME/dtbbpy (1 : 1) catalyst from green to light yellow-green after adding 2 (picture in
Figure 1D). UV-Vis spectra of the NiBr..DME/dtbbpy (1 : 1) catalyst showed two absorption
peaks centered at 656 nm and 714 nm standing for the unligated Ni''Br, species (ca. 26%) and a
shoulder peak centered at 622 nm representing the ligated Ni(dtbbpy)«Br» species (x =1, 2, 3, ca.
74%), respectively (blue curve in Figure 1D, also see Figure S3 for detail). After adding 2, a broad
absorption peak centered at 593 nm was observed (green curve in Figure 1D, also see Figure S4).
This shifted peak indicates the coordination of 2 to the Ni-center of both unligated Ni''Br, species
and ligated Ni(dtbbpy)«Br> species which leads to electronic structure changes in the Nill
complexes. M06-L!'* DFT calculations indicate that the coordination of 2 to Ni(dtbbpy)Br; is
exothermic by 21.3 kcal/mol.

To understand the structure and reactivity of cathodic reduction generated Ni' species, we
synthesized the Ni' species through control potential electrolysis (CPE) for UV-Vis studies. As
shown in Figure 1E, the Ni! species prepared in the presence of 2 showed two UV-Vis absorption
peaks at 427 nm and 602 nm (green curve). However, UV-Vis absorption of the Ni' species
prepared in the absence of 2 displayed three peaks at 398 nm, 423 nm, and 572 nm (blue curve).
The UV-Vis absorption difference is likely due to the coordination of amine to the Ni'-center in
the presence of 2. We noticed that the Ni! species prepared with and without 2 are both unstable
and decompose in a few hours (Figure S5), which is consistent with the previous report.” The UV-
Vis absorption of the Ni! species prepared without 2 remained unchanged after adding 30 eq. 2
(orange curve). The results indicate that the cathodic reduction of Ni'! to Ni! does not lead to the
dissociation of the amine from the Ni'-center, but the coordination of 2 to the Nil-center of pre-
synthesized Ni! species is unfavorable. Further studies revealed the cathodic reduction of Ni-
bipyridine complex in the absence of amine yields a [Ni'] tetramer,'> which is stable to amines
(Figure S6 for detail). These results strongly suggest that 2 is coordinated to the Ni-catalyst in both
Ni' and Ni' states. This is important, because, without amine coordination, Ni'! aryl and Ni'! aryl
intermediates generated from the oxidative addition of aryl bromide to low-valent Ni species (Ni'

and Ni®) are unstable and rapidly convert to the homo-coupling biaryl product (Figure S7 — S9).



Scheme 2. Ni-Catalyzed e-Amination Using Different Amines, Anode, and Supporting

Electrolytes (SE).
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As shown in Figure 1C, the CV curve of the reaction mixture displayed a cathodic peak with
-1.40 V onset potential representing the Ni-catalyzed C—Br bond activation and an anodic signal
witha 0.21 V (vs. Fc*?) onset potential standing for the Br™ anion oxidation (Figure S10). However,
the Ni'l aryl amido intermediate displayed very weak electrochemical activity and delivered an
ignorable oxidative peak with Epeqr = -0.23 V (vs. Fc™, Figure S11 and S12 for detail). Under
galvanostatic electrolysis conditions, the potentials of the cathode and anode were maintained in
the ranges of -1.68 —-1.70 V and 0.36 — 0.43 V (vs. Fc''?), respectively, which matches the redox

potentials of Ni-catalyzed C—Br activation and Br™ oxidation. It demonstrates that the anodic half-



reaction is Br- anion oxidation to Bry/Brs rather than the oxidation of the Ni'' aryl amido

1II

intermediate to a Ni"" aryl amido species, as shown in Scheme 1.

To investigate the impact of anodic half-reaction on the aryl e-amination, we conducted a
control experiment using Zn metal as a sacrificial anode, in which Zn stripping instead of Br-
oxidation at the anode balances the charge (Scheme 2B). Without involving the anodic oxidation
of Br', the aryl bromide 1 was nearly quantitatively converted into the home-coupling product, 8.
To gain insight into the function of anodic Br™ oxidation in the e-amination reaction, bromide-free
4-(trifluoromethyl)phenyl trifluoromethanesulfonate, 9, and Ni(OTf). were used to replace the aryl
bromide 1 and NiBr..DME in the standard reaction (Scheme 2C). Using LiBr as the supporting
electrolyte, 3 was produced in 62% yield (Scheme 2C, Entry 1), comparable to the standard
reaction shown in Figure 1 A. However, only a trace amount of 3 (< 2%) was obtained when using
LiClOy as the supporting electrolyte (Scheme 2C, Entry 2). It is interesting that the yield of 3 was
improved to 54% by adding 10 mol% ferrocene (Fc) (Scheme 2C, Entry 3). CV curves of these
three reaction mixtures showed that electrochemical oxidation of Br anion (Eonse: = 0.16 V), amine
2 (Eonser = 0.6 V), and Fc (Eonse: = -0.12 V) occurred in the positive potential range, respectively
(Figure S13A). Meanwhile, the cell voltage of these three reaction systems was maintained in the

ranges of 2.16 —2.31 V,3.05-3.29 V, and 1.87 — 1.89 V, respectively (Figure S13B).

These results indicate that direct electrochemical oxidation of the Ni'' aryl amido
intermediate at the anode is not favorable due to its low concentration and poor electrochemical
activity. Instead, the Ni"" aryl amido intermediate (Epea = -0.23 V, vs. Fc™0) is chemically oxidized
to Ni''l aryl amido by anodically generated Bra/Brs™ (Eonse: = 0.16 V, vs. Fc) or ferrocenium (Fc™,
Ei» = 0V, vs. Fc) oxidant. This role of redox mediators for promoting the electrochemical
oxidation of the Ni'' aryl amido intermediate is mechanistically important. Ni-catalyzed thermal
C—N cross-couplings typically require high temperatures (> 70 °C) to drive the reductive
elimination at the stage of the Ni'' aryl amido, representing a critical challenge for broad
applications.’ The beauty of the mediated electrochemical oxidation of the Ni" aryl amido enables
the formation of the Ni'"' aryl amido intermediate, and then subsequent facile reductive elimination

of the Ni'"' aryl amido yields the C—N cross-coupling product at room temperature.
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Figure 2. "F-NMR studies of the Ni'' aryl amido intermediate. (A) "F-NMR spectra of the
chemical (blue) and electrochemically synthesized Ni' aryl amido intermediate (green: fresh
prepared, red: standing for 24 h); (B) Conversion of the Ni'' aryl amido intermediate to 3 by adding
Fc* oxidant. Chemical reaction conditions: 1 (54 mg, 0.24 mmol, 1.2 eq), 2 (600 mg, 6.0 mmol,
30 eq.), Ni(COD): (55 mg, 0.2 mol, 1 eq.), dtbbpy ligand (55 mg, 0.2 mol, 1 eq.), LiBr (86 mg,
1.0 mmol), DMAc (2.5 mL), room temperature for 30 min. Electrochemical reaction conditions:
1 (54 mg, 0.24 mmol, 1.2 eq), 2 (600 mg, 6.0 mmol, 30 eq.), NiBr..DME (62 mg, 0.2 mol, 1 eq.),
dtbbpy ligand (55 mg, 0.2 mol, 1 eq.), LiBr (86 mg, 1.0 mmol), DMAc (2.5 mL); Zn anode and
Ni foam cathode, 5.0 mA constant current electrolysis for 1 h.

Taking advantage of the fluorine tagged 4-bromobenzotrifluoride electrophile (1), "’F-NMR
measurements were carried out to monitor the reaction at the cathode side and detect reaction
intermediates. As shown in Figure 2A, ’F-NMR spectra of the 1, 2, and [Ni’] mixture delivered a
peak with a chemical shift of -61.36 ppm representing the homo-coupling product 8. The peak
with a chemical shift of -60.29 ppm is assigned as an Ni' aryl amido intermediate,
Ni'l(dtbbpy)(Ar)(NHCy), which is generated from the oxidative addition of [Ni’] species to 1 (blue
curve). Another smaller peak at -60.52 was also observed and is assigned as an Ni'! aryl amine
intermediate, Ni''(dtbbpy)(Ar)(NH2Cy)Br. When DBU was added, Ni''(dtbbpy)(Ar)(NH2Cy)Br
could be converted to Ni'(dtbbpy)(Ar)(NHCy) (Figure S14). Then, we used a Zn sacrificial anode
to replace the RVC anode for galvanostatic electrolysis. Under the electrochemical conditions, the
same peak of the Ni'l aryl amido intermediate was observed in the mixture of NiBr,.DME/dtbbpy,
aryl bromide 1, and amine 2 after galvanostatic electrolysis (green curve). It proved that the Ni'!

aryl amido intermediate is the product of the cathodic half-reaction. It is worth noting that the Ni'!



aryl amido intermediate is highly stable. After standing for 24 h, the '’F-NMR signal at -60.29

ppm remained nearly identical (red curve).

However, in the absence of amine 2, no Ni!' aryl intermediate was observed. The aryl bromide
substrate was directly converted to the homo-coupling biaryl product, 8 (Figures S15). It is likely
due to the trend of unstable Ni" aryl species to decompose to yield the homo-coupling product
(Figure S16). As shown in Figure 2B, when we added the ferrocenium tetrafluoroborate (FcBFa4)
oxidant into the pre-prepared Ni'' aryl amido intermediate, Ni'(dtbbpy)(Ar)(NHCy), the ’F-NMR
signal of the Ni'l aryl amido intermediate at -60.29 ppm gradually decreased, and a new peak at -
59.01 ppm standing for the amination product 3 appeared through reductive elimination of the Ni'!
aryl amido species. This observation further supports the assignment of the peak at -60.29 as the
Nil aryl amido intermediate. After adding 2.0 eq. of the Fc¢™ oxidant, the Ni" aryl amido
intermediate was fully converted to 3. The same transformation was observed in the 'H-NMR
spectra (Figure S17). In contrast, upon further electrochemical reduction of the Ni'' aryl amido
intermediate, the homo-coupling biaryl product 8 was formed (Figures S18 and S19). Kinetic
studies of the oxidative addition reaction between 1 and the Ni'(dtbbpy)(NH2Cy)Br species to form
the Ni' aryl amido intermediate showed first-order dependence on both 1 and
Nil(dtbbpy)(NH2Cy)Br species with a small rate constant of 1.46 x 10 s (Figures S20 and S21).
These results indicate that the Ni" aryl amido intermediate is likely the resting state of the Ni-
catalyst in the reaction process, and the oxidation of the Ni'! aryl amido intermediate to the Ni'
aryl amido species is critical for the reductive elimination to selectively produce 3. It is worth
noting that both the ’F-NMR and '"H-NMR spectra of the Ni'! aryl amido intermediate appeared
as sharp peaks (Figure 2 and Figure S17), indicating the diamagnetic nature of the Ni'-center and

a square planar structure of the Ni" aryl amido intermediate.!!?

As shown in Scheme 2A, entry 3, the yield of the amination product 7 was significantly
improved from 17% to 74% by adding 3 eq. DBU additive. ’F-NMR was applied to monitor the
cathodic half-reaction in the mixture of 1, 5, and the Ni-catalyst (Figures S22 and S23). In the
absence of the DBU additive, a Ni"l aryl amine intermediate was detected after electrolysis for 0.5
h (Figure S22A). The Ni'' aryl amine intermediate is unstable and slowly converts to the homo-
coupling product, 8 (Figure S22B). However, with DBU, the Ni'' aryl amine intermediate was
deprotonated to a stable Ni" aryl amido intermediate which leads to further oxidation and reductive

elimination to produce the amination product 7 favorable (Figure S23 for detail). The results
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strongly indicate that the deprotonation step occurs at the Ni'l aryl amine intermediate and that this
deprotonation is a key step steering selectivity between homo-coupling and cross-coupling

reaction pathways.

We also repeated the Ni-catalyzed electrochemical C—N and C—O cross-coupling reactions
under the optimized conditions developed by Baran and Rueping.®72° Using Ni(bpy);Br: as the
catalyst, DBU or Et;N as the base, and TBABr as the supporting electrolyte, the C—N cross-
coupling between aryl bromide 1 and cyclohexylamine (2), leucine methyl ester hydrochloride
(10), and aniline (12) and the C—O cross-coupling between 1 and 2-phenylethan-1-ol (14)
delivered 86%, 71%, 46%, and 67% yields for the products 3, 11, 13, and 15, respectively (Figure
S24). The loading of the base displayed a significant effect on the reaction efficiency, as lower
yields of or no cross-coupling products were detected when reducing the loading or without the
addition of a base. Due to the weak coordination of aniline and alcohol, 12 and 14 don’t coordinate
with the Ni-catalyst in the absence of Et;N or DBU (Figures S25 and S26). Thus, without Et;N or
DBU, only homo-coupling product 8 was obtained in the reactions between 1 and 12 or 14.
However, with the assistance of DBU and Et3N, 12 and 14 can be efficiently deprotonated to lead
the formation of the critical Ni'' aryl amido intermediate (Figure S25 and S26), which makes the

cross-coupling favorable.
Computational Studies of Electrochemcial Aryl Amination by A Ni/dtbbpy Catalyst

MO6-L calculations were used to directly evaluate the energetic impact of cyclohexylamine 2
coordination to Ni-center during cathodic reduction and subsequent aryl bromide oxidative
addition and aryl amine generating reductive elimination reaction steps. Figure 3 shows the
generalized potential-energy profile for 2 coordination to Ni'(dtbbpy)Br: (A) followed by cathodic
reduction and oxidative addition with the aryl bromide 1. Consistent with the UV-Vis and CV
measurements, N-coordination of 2 to triplet spin state Ni'/(dtbbpy)Br> (singlet A is 7 kcal/mol
higher in enthalpy) to give B is exothermic by 21.3 kcal/mol. This coordination is favorable on the
Gibbs energy surface and is exergonic by 8.3 kcal/mol. The singlet enthalpy of B is 14 kcal/mol
higher than the triplet spin state. Despite the thermodynamics being stabilizing for 2 coordination,
UV-Vis measurements suggested coordination to A is kinetically slow (Figure S4). Therefore, we

examined alternative Ni'"~Br ground-state structures that would kinetically inhibit coordination.
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The calculations suggested that dinuclear and tetranuclear Ni'! species are off-cycle feasible

ground states (see SI) that are responsible for slow amine coordination.

Oxidative Addition
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Figure 3. Top: MO06-L/6-31G**[LANL2DZ?!*> energy landscape for the Ni-catalyzed
electrochemical aryl amination cross-coupling. Bottom: M06-L optimized structures. See SI for
computational details.

From B, it is possible to compare the transition states and pathways of oxidative addition with
1. Using the experimental cathode potential (an absolute potential = 4.9 V),?* reduction and
bromide loss give the Ni' intermediate C that is close to the same energy as the starting Ni'!
structure A. The lower energy pathway in Figure 3 shows the oxidative addition transition state
TS 12* from the doublet spin Ni' cyclohexylamine complex. From an initial weak charge-transfer

type complex (D), C—Br bond cleavage through TS 1 only requires an enthalpy change of 8
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kcal/mol to give the doublet spin Ni'!

complex E. Importantly, this lower energy pathway can be
directly compared to the similar oxidative addition transition state TS 1° without 2 coordination
(dotted line pathway). On the enthalpy surface TS 1” is 10 kcal/mol higher in energy than TS 1,
which reflects the coordination energies of D and D’. It is noteworthy that on the Gibbs energy
surface TS 1 is a few kcal/mol lower, but this is the result of comparing the unequal translational
entropies that are likely overestimated. We also compared TS 1 with several other alternative
oxidative addition transition states, such as with extra bromide anion coordination in place of 2. In
all cases, we could not locate a lower energy oxidative addition transition state than TS 1. In
support of the reaction pathway shown in Figure 3, we examined the coordination and oxidative
addition of ethylamine and ter#-butyl amine in comparison to 2. Consistent with experiments and
the relative spatial size of the tert-butyl group versus the cyclohexyl group and ethyl groups, there

is more exothermic coordination with ethylamine and a lower barrier for oxidative addition (see

SI).

From the octahedral doublet Ni'' intermediate E, we calculated several different reaction
pathways that culminate in reductive elimination to form the aryl amine. We first examined the
possibility that E undergoes a one-electron cathodic reduction and bromide loss to generate a
Ni'l(dtbbpy)(Ar)(NH.Cy)Br species. The thermodynamics for this reduction, as well as subsequent
proton transfer to another 2 to give a Ni'l(dtbbpy)(Ar)(NHCy) type species, is endothermic by
about 7 kcal/mol. It was surprising to find that both reduction and proton transfer steps (in either
order) are not exothermic because '"F-NMR indicates the formation of a Nil aryl amido
intermediate, Ni''(dtbbpy)(Ar)(NHCy) (see Figure 2), that is possibly a resting state. This
prompted us to examine if Ni'" to Ni! reduction occurs chemically and is stimulated by a Ni' type
structure, especially because ligand exchange between Ni' and Ni'! species is significantly
endothermic (see SI). We identified two exothermic reaction steps. The first involves
Nil(dtbbpy)Br react with E to give A and Ni''(dtbbpy)(Ar)(NH,Cy)Br, which is 13 kcal/mol
exothermic. However, this reaction is unlikely since the experiments demonstrate that, in the
presence of amine 2, the Ni!(dtbbpy)Br species are not formed in the reaction system (Figure 1E).
Instead, it is more likely that C reacts with E chemically to give Ni'(dtbbpy)(NH2Cy)Br, (B) and
Ni'l(dtbbpy)(Ar)(NH2Cy)Br (F), which is exothermic by 18 kcal/mol. This chemical
transformation was proved by our experiments. As shown in Figures S27 and S28, a 1 : 1 ratio

mixture of 1 and pre-synthesized Ni'(dtbbpy)(NH2Cy)Br (C) delivered about 50% yield of Ni'!
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aryl amido intermediate (G). It indicates 1 eq. aryl bromide consume 2 eq. [Ni'] species, where 1
eq. C oxidative addition with 1 to form E, while another 1 eq. C reacts to E through
comproportionation to produce B and F. It also resulted in a Faradaic efficiency of less than 50%

of the aryl e-amination reaction (Figure S31).

Nil + Nilll Ni" + Ni“
Br B
N_I _Ar N. _Br N |r/Ar N ?r/Br
(Lo + (NS —— (NIt + (oNit
N I|3 NH,Cy N NH,Cy N NH,Cy N NH,Cy
r
E Cc F B
CyHN. _
o CAr
. Br, Br B E:Ni/\B
r r r
Ar CyNH, Ar _Ar
N — (N ANA (N:rlu'ﬂ ——= (N:Ni—Br + Ar=NHCy
N NH,Cy N NHCy N NHCy N
F G H
CyNH3+ + Br

Figure 4. Top: Outline of Ni!/Ni'! conversion to Ni'l. Middle: Outline of reaction pathway from
Ni'" aryl amino intermediate E to aryl amination cross-coupling product. Bottom: M06-L
optimized reductive elimination transition-state structure.

Deprotonation of the Ni'! aryl amine intermediate F by cyclohexylamine 2 gives the Ni' aryl
amido intermediate G (Figure 4). This intermediate is critical because it provides the pathway
forward for chemical oxidation by Br/Brs™ to give Nil'l(dtbbpy)(Ar)(NHCy)Br (H). We estimated
the barrier for an Sn2-type transition state using a nudged elastic band method, which gave a barrier

1

of 7 kcal/mol. The chemical oxidation to H provides a highly reactive Ni*" aryl amido intermediate

that only has a 3 kcal/mol barrier for reductive elimination to generate the aryl amine product.
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Importantly, the formation of the aryl amine and resulting Ni'(dtbbpy)Br intermediate is
exothermic by 56 kcal/mol.

Proposed Electrocatalytic Cycle for Aryl Amination by A Ni/dtbbpy Catalyst

HN-)
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-Ni
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Figure 5. Proposed reaction mechanism for the Ni-catalyzed aryl e-amination reactions.

Based on the experimental and computational results presented above, a proposed complete
catalytic cycle is presented in Figure 5. Amine coordinates to the Ni(dtbbpy)Br; catalyst (A4) to
form intermediate B when the reaction components are mixed. Then, B is reduced to Ni' species
C at the cathode, and then the Ni' species undergoes the oxidative addition of the aryl halide to

produce a high-valent Ni'™!

species E. In the reaction mixture, E is rapidly chemically reduced to
the Ni'l aryl amine complex F by Ni! species (C or I) through comproportionation. Due to the
consumption of Ni! species in this step, the Faradaic efficiency of the e-amination reaction is lower

than 50% throughout the duration of the reaction (Figure S31). And then, a subsequent
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deprotonation step via amine base yields the stable Ni'! aryl amido intermediate G. In the presence
of bromide supporting electrolyte, intermediate G is chemically oxidized to the high-valent Ni'!
aryl amido intermediate, H, by anodically generated Bry/Brs™ oxidant. Reductive elimination of H
produces the aryl amination product and Ni' species I. Finally, I is further oxidized by Br»/Brs™ to
the intial state, 4, to finish the catalytic cycle. It should be noted that the direct oxidative addition
of aryl halide with 7, as shown in Scheme 1, should be a minor pathway. As the chemical oxidation
of I'by Bry/Brs™ oxidant or Ni'l' species is much faster than the oxidative addition reaction between
I and ary halide as proved by control experiments (Figures S27-S30). Meanwhile, direct oxidative
addition of I to the aryl halide substrate would lead to the formation of a homo-coupling biaryl

byproduct (Figure S8 and S9).

Conclusions

In conclusion, we conducted comprehensive mechanistic studies on the reaction mechanism
of the Ni-catalyzed aryl e-amination. We found that the coordination of the amine substrate to the
Ni'l-catalyst occurs before the cathodic reduction of Ni'l-catalyst. In the reaction, a stable Ni" aryl
amido intermediate is produced from the cathodic half-reaction, which is a critical step in
controlling the selectivity between cross-coupling reaction and undesired homo-coupling
pathways. While at the anode side, Br anion is electrochemically oxidized to the Br, /Brs™ oxidant,
which funcitions a redox mediator to chemically oxidize the Ni'! aryl amido intermediate to high-

valent Nill

aryl amido for facile reductive elimination at room temperature. The presented new
insighs of the Ni-catalyzed aryl e-amination will provide valuable mechanistic guidance for
understanding and developing new Ni-catalyzed aryl e-amination reactions and other Ni-catalyzed
electrosynthetic reactions such C—O and C—C cross-couplings, including optimizing reaction

conditions, selectively generating reactive intermediates, and avoiding undesired homo-couping.

Supporting Information contains additional experimental details and figures and tables.

Supporting Information is available online or from the author.
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