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ABSTRACT: Easy, efficient and economic synthesis of anilines remains an important challenge in synthetic chemistry. In this study,
a Ni(OAc)z-bipyridine complex is shown to readily catalyze amination of aryl halides with ammonium salts under direct excitation
of light, allowing a broad array of aryl chlorides and bromides to be converted into the corresponding primary (hetero)arylamines in
the absence of an external photosensitizer. Late-stage modification of drug molecules and *>N-labeling of primary aryl amines are
also demonstrated with a number of examples. Photoinduced generation of Ni(l)-bipyridine species is believed to be the key step in
the reaction, enabling a Ni(I)/Ni(lll) cycle for catalytic turnover.

Introduction Scheme 1. Methods for the synthesis of anilines

Anilines are widely used fine chemicals for the synthesis of A) Synthesis of anilines by nitration
pharmaceuticals, agrochemicals, dyes and electronic mgte_rials.l H  HnogH,S0, NO2  Catalysts/H, NH,
To date, the most commonly used preparation method in indus- @ Nitration @ Hydrogenation

try is nitration of arenes followed by hydrogenation.? However,
the environmental problems caused by the use of strong, corro-

sive acids HNOs and H,SO, and the resulting functional group o L'Cga“d Base NH, _Ligand, Base X
N . .. . . u, Ni cataly3|s Pd, Cu catalysis
incompatibility challenge the continuing use of this method in ‘ T NRorNHy ~ammonia surrogates
practice (Scheme 1A).% Over the past one decade or so, the Pd*

B) Synthesis of anilines by homogeneous transition-metal-catalyzed C-N coupling

eg: NaN3 (Multi-step) X =1, Br, Cl

X=1,Br, Cl
and Ni-catalyzed Buchwald-Hartwig®® and Cu-catalyzed
UIImann-Ma7* 8 amination Of aryl halides Wlth ammonia/ am- Synthesis of anilines by heterogeneous solid-state photocatalysis
monium salts have become important methods for anilines syn- ‘/ NaN Ni-mpg-CNy NHz
- . +
thesis (Scheme 1B). However, these methods often require the : Blue LED, 24-60 h, 60 °C,
use of air-sensitive metal complexes, synthetically demanding = MeOH/H,0
Iigands, or strong bases, and ShOW a Iimited scope With aryl haI- Limited scope: only 3 examples of aryl chlorides with low yields
idES, particularly those that are functionalized, which hinders D) Synthesis of anilines by homogeneous light driven Ni-catalyzed coupling (this work)

their wider application in organic synthesis.* > 7-° Whilst the di-

rect utilization of ammonia would be preferred, it faces difficul- ‘/ e Ammonium <alie B (Ni) NHZ

ties®® such as catalyst deactivation, loss of selectivity to mono- (NH4Br, (NH,),COq Ni(y/Ni(I11) cycle

arylation and the need for high-pressure reactors. To by-pass "*NH,CI) 117 examples

these limitations, ammonia surrogates such as silyl amines,° Ni catalyst |, * Electron-rich aryl halides

imines,'! azides,!? amides®® and so on* have been employed ‘3 _ _"°+ Broad substrate scope, 40 examples of aryl chiorides

(Scheme 1B). However, additional reaction steps are required \ 7Ny « Oganic amines as base

to release the free anilines, while generating unwanted by-prod- N ’ . « External photosensitizers free

ucts. Hence, the development of efficient, selective and low- Aco/N'\OAC « Efficient synthesis of '°N labeled aryl amines

cost catalyst systems for the synthesis of anilines by C-N cou- . .

pling of aryl halides, especially cheaper but less-reactive aryl photocatalysts have been achieved. The strategy hinges on gen-
chlorides, remains challenging. Recent progress in molecular erating active Ni(l) species by light-induced homolysis of an
nickel complexes-mediated photoredox catalysis® has ad- excited Ni(ll) complgx, WhICh initiates subsequent I’eaCtIO_nS'ZO'
dressed some major challenges facing cross-coupling reactions, 2 However, the application of this strategy to the synthesis of
expanding their scope under milder conditions.® In particular, anilines has not been re_ported. Here_)ln, we _d_|scI05t_e an _eff|C|ent
photochemical C-C,” C-0% and C-N** 2 coupling reactions and general photochemical synthesis of anilines via Ni(OAC).-

mediated by excited nickel complexes without external bipyridine complex-catalyzed C-N coupling of aryl halides with



ammonium salts (Scheme 1D). While this work was in progress,
the Reisner group? reported a heterogeneous photocatalytic
cross-coupling of aryl halides with sodium azide, in which the
active Ni(l) species is generated via excitation of mesoporous
carbon nitride (Scheme 1C). However, NaNjs is shock sensitive,
explosive and highly toxic? as nitrogen source, and the method
is inefficient with aryl chlorides (<25% yields, incomplete
with >60 h).

Results and Discussion

Table 1. Optimization of reaction conditions?

Cl Ni(OAc),(10 mol%), dMeppy (10 mol%) NH,
/©/ + NHBr purple LED (390-395 nm) /@
MeO,C DMSO : THF (2 mL, 5:1), DBU (3.5 eq.) MeO,C

1 85°C, 24 h 2

Entry  Variation from standard conditions Yield (%)

1 Standard conditions 92, 87°

2 Standard conditions, Ni(COD): instead of Ni(OAc). 88

3 Standard conditions, NHz in H.O 13

4 Standard conditions, NHs in THF or Dioxane 49/31

5 Standard conditions, NH4Cl or NHal 71/59

6 Standard conditions, 380-385 nm 57

7 Standard conditions, 415-420 nm 32

8 Standard conditions, 460-465 nm Trace

9 Standard conditions, Zn instead of light 32°

10 Standard conditions, light, 30 °C Trace

11 Standard conditions, light, 40 °C 21

12 Standard conditions, light, 60 °C 47

13 Standard conditions, air instead of Ar 9

14 Standard conditions, no base Trace

15 Standard conditions, no ligand Trace

16 Standard conditions, no light, 85 °C Trace

#Reaction conditions: 1 (0.2 mmol, 0.1 M), NH4Br (0.4 mmol,
0.2 M), Ni(OACc), (10.0 mol %), d-Mebpy (10.0 mol %), DBU
(0.7 mmol, 0.35 M), DMSO : THF (2 mL, 5 : 1), 390-395 nm
LEDs, 85 <TC, Ar, 24 h. PIsolated Yields. °Zn (0.1 equiv). Yields
determined by 'H NMR analysis using 1,3-benzodioxole as in-
ternal standard.

In continuing our study of nickel complexes-mediated photo-
catalytic coupling reactions,? we set out to examine conditions
for the coupling of methyl 4-chlorobenzoate (1). As shown in
Table 1, when the Ni(OAc).-d-Mebpy complex, prepared in situ
from Ni(OAc), and d-Mebpy (d-Mebpy: 4,4’-dimethybipyri-
dine), was used as the catalyst, NH4Br as ammonium source and
DBU as the base, the desired aryl amine (2) was obtained with
87% isolated yield in a mixture solvent of DMSO and THF un-
der the irradiation of purple light (390-395 nm) in the absence
of an external photosensitizer (entry 1).2* The bipyridine ligand
and Ni salt play a crucial role (Table S1, S16 in SI). Among the
investigated nickel catalysts, the Ni(OAc).-d-Mebpy complex
exhibited the highest activity (Table S1, in SI). Meanwhile, the
Ni(0)(COD), complex as Ni source also afforded the coupling
product in high yield, but it is very sensitive in air (entry 2).
Notably, the ammonium source was also important for the

Table 2. Scope of aryl chlorides?

Ni(OAc),(10 mol%)-d-Meppy (10 mol%)

cl - N
+ NH.Br Purple LEDs (390-395 nm) @
DMSO : THF (2 mL, 5: 1), DBU (3.5 €q.),85°C, 24 h
o™ ot T
MeO,C NC F3C

=
g

2,87 % 3,92% 4,83% 5,78 %
NH, NH, NH, NH,
Ph /@
w o X@’
o) )
6,79% 7,83% 8,61% 9,53 %
/@NHZ /@NHZ NH, @NHZ
Ph MeO <>(© N
e oN C
10,53 % 1,31% 12,78 % 13,61%

MeO,C F NC F NC/Q MeO,C
cl

14,82 % 15,63 % 16, 68 % 17,63 %
NH,
Me NH, cl NH, Me NH,
AN Y »
o
NC B =
7 FsC~ N
cl o 3
18,79 % 19, 89% 20, 82% 21, 90 %, 83%°
NH, NH, NH, NH,
_~NH,
Ly 3 N7 /
NCT N S N N
N N N S
22, 68% 23, 82%" 24,76 %° 25, 73%" 26, 69%”

Modified drug molecuies

N O\/\ N N
y l/
27, 75% 28, 62% 29, 56%
NH o
NH 2
= N 2 /Lo o NH,
S O
NC
A
'\\‘\\/N o
30, 60% 31, 71% 32,70%
NH
Me 2
o
: 0 MeO
33, 70% Me

2Aryl chloride (0.2 mmol, 0.1 M), NH4Br (0.4 mmol, 0.2 M),
Ni(OAc), (10.0 mol %), d-Mebpy (10.0 mol %), DBU (0.7
mmol, 0.35 M), DMSO : THF (2 mL, 5: 1), purple LEDs (390-
395 nm), 85 <T, Ar, 24 h. Isolated yields are shown. 36 h.
‘Gram scale.

success of this C-N coupling. A low yield was obtained using
an ammonia solution (entry 3-4), while ammonium salts gave
higher yields (entry 5). Light is essential for the reaction as well,
with purple light (390-395 nm) promoting the C-N coupling
with highest efficiency (entries 1 vs 6-8). When the light was
replaced with Zn(0) as a reducing agent,?" the yield of the C-N
coupling product was low, only at 32% (entry 9), and when the
reaction was conducted in the dark, little coupling was



Table 3. Scope of aryl bromides?
Ni(OAc), (5.0 mol%), d-Meppy (5.0 mol%)

Br Purple LEDs (390-395 nm)
+  (NHy):CO, DMAc : THF(2 mL, 9 : 1), DBU (2.5 eq.)

KBr (2.0 eq.), 85°C, 24 h

NH, NH, NH, NH, NH, O NH, y NH,
o ot ot ot { M e
MeO,C NC FiC Br cl i

NH,

0"y
2,88 % 3,93% 4.83% 34,85 % 3591 % 36,89 % 37,67 %° 38,78 %
NH NH NH
' O O oy o
¢ Ph H @ Ph MeO F3CO
39,71 %" 40, 81% == 41,86 % O 42,88 % 10,79 % M,75% 43,85 %
ot ¢ N ¢ G ¢ G ¢ G ¢ ¢

h Vo PhO N Br al 2

44, 68% 45, 86% 46, 83% 47,82 % 12,58 % 48, 68 %” 49, 68 %” 50, 63 %

ot oo oo o o oo oo
o~ OPh o\( O\(F Ph
F

4
I
N

O\[< CN
51,73 %> ¢ 52,69 % © 53, 79 % 54,76 %>° 55,63 %" 56, 78 %>° 57,62 % 58, 71 %P
MeO. NH, MeO NH, FSCJij,NH2 ;;ijNHZ mwz @ o) NH, (0] NH,
T " : T (X7
N
F cl cl 07 "N H NH, 0
e} H
59, 72%" 60, 86 % 61, 86 %, 81%7 62,76 % 63, 60 %” 64, 68 % 65, 84 % 66, 75 %
NH
NH Me ’ NH H: cl NH F NH
ot o oo« e ot o™t
\ s 4 O
S NH N N~
S 2 s S
67.64 % 68, 61 %° 69,72 % 70,75 % 25,69 % 71, 74%" 72,75 % 73,89 %
CFs
NC. -~ NH; _~NH; MeO.__~_.NH, Cls o~ NH; FsCu o NH; Fa o~ NH2 XN FsC
| | |
CcI” N N N N cI” N N “NH, N~ “NH,
74,62 % 75,77 % 76,58 % 77,73 % 78,82 % 79,53 % 80,61 % 81,68 %
Cl NH, NH,
NH NH
‘ o VH2 )N\%\/‘r 2 i%T 2 <S@NH2 %S@NHZ (Ib /\:@ mNHZ
X ~ \ Me—\
I ON FsC” N HyCS” N N N SN Ns SN
82, 65% 83,72 % 84,62 % 85, 69%” 86,71% 23, 76% 87, 80% 88, 61%

--------------------------------------------------------------------- Modified drug molecuies - ------ oo mmm oo

o Me
NH
o
o & \OJXWO '
M

B N
o 89,61% : 90, 84% 91, 41% 92, 79% 93, 79%

2Aryl halides (0.2 mmol, 0.1 M), (NH,).COs3 (0.25 mmol, 0.125 M), KBr (0.4 mmol, 0.2 M), Ni(OAc) (5.0 mol %), d-Mebpy (5.0
mol %), DBU (0.5 mmol, 0.25 M), DMAc : THF (2 mL, 9: 1), purple LEDs (390-395 nm), 85 <C, Ar, 24 h. Isolated yields are shown.
b36 h. °©DMSO : THF (2 mL, 5: 1). “Gram scale.

observed (entry 9). Temperature is also important, as little prod- the catalytic turnover, presumably to generate active Ni(l) cat-
uct was obtained below 30 °C (entries 10-12). Heating may be alyst from off-cycle Ni(ll) species (Table S9 in S, and below).
required to facilitate the oxidative addition of Ni(l) with the aryl It is noted that the presence of oxygen dramatically decreased
halide.?! In addition, the light-on and off experiments?® showed the reaction efficiency (entry 13). The choice of base also im-

that continuous illumination is required throughout to sustain pacted considerably on the success of coupling (entry 14).



Among the investigated bases, inorganic bases were all ineffec-
tive, and only organic bases were shown to be effective, with
the mild, soluble DBU promoting the reaction significantly bet-
ter than other organic bases (Table S4, S12 in Sl). Control ex-
periments revealed that the reaction did not proceed in the ab-
sence of the organic base, ligand and light (entries 14-16).

With the optimized conditions in hand, the reaction scopewas
explored. As summarized in Table 2, a wide range of electron-
neutral, -rich, and -deficient aryl chlorides could couple effi-
ciently with NH4Br, delivering the desired aryl amines with
high yields generally (2-19). Aryl chlorides with electron-with-
drawing substituents such as -CO,Me, -CN, -CF3, and -COR (R
= Me, cyclopropyl and Ph) in the para position of the phenyl
ring coupled with NH4Br, affording the desired products with
excellent yields (2-7). Except trifluoromethyl, these functional
groups provide an opportunity for subsequent transformations.
Due to the use of a weak amine base, all electrophiles contain-
ing the ester and cyano group are tolerated, affording the ani-
lines in good yields (2-3, 12-18). In contrast, the use of strong
bases could lead to the formation of transesterification products
and impurities in the coupling reactions.?® Unactivated aryl
chlorides containing substituents such as -SMe, -t-Bu and -Ph
are compatible in this protocol (8-10). However, the yield of the
substrate (11) containing the more electron-donating -OMe sub-
stituent was low.® Meanwhile, sterically hindered aryl chlorides
were also adaptable, delivering the desired aryl amines with
good yields (13-15). Disubstituted aryl chlorides with sensitive
functional groups could also participate in the reaction effi-
ciently (14-20), and no further reaction was observed with the
dichloro (19) and BPin (20) groups. (Hetero)aryl chlorides con-
taining pyridine (21-22), quinolines (23-24), quinazoline (25)
and thianaphthene (26) are also compatible, which are im-
portant in medicinal chemistry.?”

The utility of the method is also demonstrated in the late-
stage modification of drug molecules and derivatives. As shown
in Scheme 2, Imazalil (27, fungicide),?® Loratadine (28, anti-
histamines),?®® Econazole (29, antifungal agents),?®® Chlor-
pheniramine (30, antihistamines), Myclobutanil (31, fungi-
cide),?® Fenofibrate (32, for mixed dyslipidemia or primary hy-
percholesterolemia)?® and chloride diversified Tocopherol (33)
were adaptable to this catalyst system, affording the aminated
derivatives with high efficiency. Considering the prevalence of
amino moieties in drug molecules, this method thus provides an
attractive approach to late-stage functionalization of Csp?-X (X
= Cl, Br, also see below) bonds to Csp?-NH, analogues in drug
and other bioactive molecules, aiding in drug development.

Next, the scope of aryl bromides was examined. As summa-
rized in Table 3, regardless of the electronic properties of the
aryl bromides, the reaction proceeded efficiently with ammo-
nium carbonate, affording the desired anilines in high yields in
general. Compared with ammonium bromide, the use of ammo-
nium carbonate reduces the amount of organic base, while af-
fording a similar product yield. Thus, aryl bromides bearing
electron-withdrawing substituents, such as -CO;Me, -F, -Cl, -
Br, -CF;, -CN, -CH,CN, pyrrole, sulfonamide and amide in the
para or meta position, all delivered the products with good to
excellent yields (2-4, 34-38). In particular, for aryl bromides
bearing electron-neutral and -rich substituent, the correspond-
ing amines were obtained also with high yields (39-42, 10-11,
43-48). Such substrates are usually difficult to undergo photore-
dox C-N cross-coupling reactions. Furthermore, the vinyl unit
in 44 remained intact during the coupling reaction. It is gratify-
ing that the sterically more-demanding ortho- substituted aryl

Table 4. Amination of aryl halides with *N-labeled ammo-
nium salt?

X Ni(OAc); (10 mol%), d-Meppy (10 mol%) 15
15 purple LEDs (390-395 nm) NH,
+  NH,CI
DMSO : THF (2 mL, 5: 1), DBU (3.5 eq.), 85°C, Ar,36 h
15NH, Me 15NH, 15NH, 15NH,
O« /©/ O- j@’ ~ Q Q
3 ; s oy
¢} o] =

94 95 96 97

X = Br, 87% X=Cl, 83 % X = Br, 83% X=Br78 %
15NH2 .
/©/ 15NH, 15NH, NH,
\ X
F o EtO,C
Q) 2 °
98 99 100 101
X=Br78 % X=Br,71% X= Cl, 86 % X=ClL75%
15NH, 15NH, 15NH, UNH,
LT 3
A
O H O @‘,S\\
0
102 103 104 105
X=Cl,62% X =Br57% X =Br67% X =Br8o %
Me 5NH,
MeO 15NH, MeO SNH, F3Co . SNH,
X o [}
cl OMe S s
106 107 108 109
X =Br, 87% X = Br 87 % X=Cl92% X =Br78 %"’
S~
)&
Me 15NH
Me 15NH2 H215N N o 0] 2
]@L Y \O)WO Me
Me’ Me
N
110 7\ 1M 12
X = Br, 79%° —/ X=Cl 7% X =Br83%
15NH,
o o
’
H, 5N OK(O\( —
13 o B 14
X =Cl69 % - X=Cl, 72%
e} 15NH
ﬂ l Me 2
)\MO
SO | 5
Hy'SN 0 Me
Me
15 116
X =Br74 % X =Cl, 79%

aAryl halide (0.2 mmol, 0.1 M), *®NH4CI (0.4 mmol, 0.2 M),
Ni(OAc); (5.0 mol%), d-Mebpy (5.0 mol %), DBU (0.75 mmol,
0.35 M), DMSO : THF (2 mL, 5 : 1), purple LEDs (390-395
nm), 85 T, Ar, 24 h. " 5NH,CI (0.24 mmol, 0.12 M). °36 h.
Isolated yields.

bromides also afforded the desired products in high yields (12,
49-61). Disubstituted aryl bromides also worked successfully
(59-63), highlighting the wide scope of aryl electrophiles in this
C-N coupling reaction. Of further interest is that a range of (het-
ero)aryl bromides are compatible, delivering aryl amines con-
taining indole (64), isobenzo-furan-1(3H)-one (65), benzofuran
(67), thiophene (68), benzothiophene (69-71), pyridine (72-82),
pyrimidine (83-84), benzothiazole (85-86), quino-lone (23, 88),
and isoquinoline (87). As in the case of aryl chlorides, this
methodology could also be applied to the late-stage modifica-
tion of drug-like molecules bearing an aryl bromide unit. Ex-
amples are seen in the synthesis of estrone (89), gemfibrozil
methyl ester (92), flumazenil (91) and other complex molecules
(90, 93) with good yields. Together with the examples of aryl
chlorides, the results obtained with aryl bromides demonstrate



the great potential of this light-driven Ni(ll)-catalysis protocol
for the synthesis of various anilines.

The facile synthesis of *N-labeled anilines further demon-
strates the utility of this method. *N-labeled compounds are of
significance in studying the pharmacokinetics and metabolism
of bioactive compounds.? N-labeled anilines, key precursors
for the synthesis of °N-labeled aromatic heterocycles,* are
usually prepared by a nitration-reduction process with N-la-
beled nitric acid as nitrogen source.! %2 Using this light-driven
Ni(ll)-catalyzed C-N coupling reaction, ®N-labeled anilines
could be readily accessed with commercially available >NH,CI,
a cheaper and more conveniently handled nitrogen-15 source.
Note that there has been only one liter-ature example of **N-
labeled anilines being prepared via C-N coupling reaction.* As
shown in Table 4, aryl halides containing boron ester (94-95),
silane (96), pyrrole (97), carbazole (98), ketone (101-102), am-
ide (103), sulfonamidec (105), multisubstituents (104, 106-107,
110), pyridine (108) and thiophene (109) all coupled efficiently,
requiring only 2 equivalents of *®*NH,CI while delivering im-
portant **N-labeled aryl amines in good yields. Notably, **N-
labeling of bioactive and drug molecules can also be readily
performed. Examples are seen in the synthesis of '>N-labeled
Loratadine (111), Gemfibrozil methyl ester (112), Fenofibrate
(113), Estrone (115), Tocopherol (116) and a halogenated com-
plex molecule (114). Thus, this methodology provides a handy
tool for the synthesis of N-labeled anilines and drug-like mol-
ecules.

Preliminary studies were carried out to gain understanding of
the possible reaction mechanism. Firstly, the possibility of am-
monia coordination to nickel and the effect of the resulting com-
plexes on the reaction were investigated. As shown in Scheme
2, ammonia or ammonium salts can readily convert various
Ni(Il) compounds to ammonia-ligated [(NH3z)sNi(11)]X2 with
high yields (Scheme 2 A, and Section 4 in SI).?* 3 However,
the nickel complexes [(NH3)sNi(11)]X2 could not participate in
the C-N coupling reactions under either thermal or photocata-
lytic conditions (Section 7.3 in Sl). In contrast, upon introduc-
tion of the d-Mebpy ligand light irradiation, the desired product
was obtained in high yields (Scheme 2 B, and Section 7.3 in Sl),
highlighting the critical role of ligand and light in this coupling
reaction.

UV-Vis and HRMS spectroscopy shed light on the nickel-
bipyridine complexes formed. The complex
[(NH3)sNi(I1)](OAc), displays absorption features similar to
those of octahedral Ni(ll)-ammonia complexes (Scheme 2 C,
and Fig12 in SI).2* % When the bipyridine ligand was intro-
duced, the absorption band of the Ni(Il)-ammonia complex dis-
appeared, being replaced by a new absorption band at 340 nm
with a shoulder at 392 nm which falls within the light used in
this study. The same absorptions are seen when Ni(I1)(OAc): is
reacted with d-Mebpy (Scheme 2 E, and Fig13 in Sl), indicating
the formation of [Ni(OAc).(d-Mebpy)] and complete displace-
ment of NH; by d-Mebpy in the case of
[(NH3)sNi(11)](OAC),.2% In support of this surmise, ammonia
gas was detected by GC analysis (SI, Section 6). The HRMS of
the mixture of [(NHz)sNi(I1)]J(OAc). and d-Mebpy revealed a
m/z peak at 301.0483, which is consistent with the formation of
[Ni(I1)(OAc)(d-Mebpy)]* or [Ni(OAc).(d-Mebpy)] (Fig 13 in
SI). Thus, it appears that the active catalyst of this C-N coupling
reaction is derived from a Ni(ll)-bipyridine precatalyst that
bears no coordinated NHs;. Additional probe reactions were also
conducted. When the premade [Ni(OAc).(d-Mebpy)] complex
was irradiated at 390-395 nm for 5 h in the absence of substrates

Scheme 2. Mechanistic investigations?

A) Formation of Ni(ll)-ammonia complexes
Ph_ Ph

10h \ L, NHyH,0

NHg-H,0 + NiCly j&ew heg% / I\CI
PH Ph

Ph, /Ph
2h P
> ~1oh_ Ph \ 7+ NHaH,0
86% 9 Ni 3" M2
: % Ph< / \Cl

PH Ph

T T 70%
12h
NH4CI + DBU + Ni(OAc), 12h Ni(OAG); + NayCOj + NH,CI

solvent, 54%

NH3-H,0 + Ni(OAc),

B) Amination of aryl chloride with Ni-ammonia complexes

Cl (NH3)gNiX; (35 mol%), d-Mebpy NH,
[e] Light or heat o,
N AN

S _S
e 5 DBU (1.5 eq.), DMSO:THF (2 mL, 5:1), 24 h b
Conditions
Entry
Ni-amine-complex Light (or Heat) Ligand Base Yield (%)
1 (NH3)gNi(OAc), Heat d-Mebpy DBU N.R.
2 (NH3)gNiCl, Light d-Mebpy DBU 95
3 (NH3)gNi(OAc), Light d-Mebpy DBU 96
4 (NH3)gNi(OAC), Light - - N.R.
C) UV-Vis absorption spectra
244 —— d-Mebpy
22 ] e Ni(OAC)2
204 ) 540 v —_ (NHa)st(o,a«c)2
184/ '\ — (NH,),Ni(OAc)_+d-Mebpy
816+ ‘ﬁ —— d-Mebpy+Ni(OAc),
@ 14 -]
2 ﬂ
2124 |
2 %
< 104 |
o8] |
064 |
0.4
0.2 —J 573 nm
0.0 T LI
280 320 360 400 440 480 520 560 600 640 680 720

Wavelength
D) Amination of aryl chloride with Ni(l)-d-Mebpy complex generated via irradiation

Ni(OAC),-(d-Mebpy)(10.0 mol%)

lpurple LEDs (390-395 nm), 5 h

cl NI} NH;
+NHBr ————=—==="
MeO “*" DMSO: THF (2mL, 5: 1), 85 °C, 24 h €O
o

NMR yield: 43 %

E) Amination of aryl chloride with Ni(l) complex generated via comproportionation

Ni(I1)OAcy(d-Mebpy) (5.0 mol%)-Ni(cod),(d-Mebpy) (5.0 mol%)

lr.t., 60 min
NH,
Cl rl‘i"(i)j
(Ni(l);
MeO + NH Br ——————t====2 MeO
DMSO : THF (2 mL, 5 : 1), DBU (3.5 eq.) &
o 85°C,24 h

Light : 92 %; Heat : 32 %

aUV-Vis absorption spectra were recorded at 1.0x0° M (1 mm
pathlength quartz cuvette). For details, see Supporting Information.

and followed by reacting with 4-chlorobenzoate methyl ester
and ammonium bromide in the dark, the desired product was
obtained in 43% yield in 24 h (Scheme 2 D).?* In our previous
studies,?® ¢ Ni(OAc),-bipyridine complexes were shown to
generate Ni(l) species via light-induced homolytic cleavage of



Scheme 3. A tentative mechanism for the amination under light-promoted nickel catalysis (X = CI, Br or OAc; X'= NH2)

the Ni-OAc bond, which then undergoes oxidative addition
with an aryl halide. In line with the hypothesis of Ni(l) species
being the active catalyst, a similar yield was observed when the
same coupling was conducted under thermal conditions, in
which a Ni(l) complex was generated in situ from the compro-
portionation  of  [Ni(OAc).(d-Mebpy)] and  [Ni(0)(d-
Mebpy)(cod)] complexes (Scheme 2, E).2% 2431t is noted, how-
ever, that the yields of these thermal reactions are significantly
lower than those obtained under the photocatalytic conditions,
highlighting the need for light during the catalysis.

On the basis of these observations and the recent mechanistic
studies on light-promoted Ni-catalyzed C-O and C-N coupling
reactions by several groups,*® 1% 202! 3 simplified mechanistic
pathway for the amination is suggested in Scheme 3. Irradiation
of the Ni(OAc),-d-Mebpy complex at 390-395 nm excites the
Ni(11) complex I, generating a Ni(l) species Il by light-induced
homolytic cleavage of the Ni-OAc bond. The Ni(l) species then
reacts with the aryl halide to generate a Ni(lll)-Ar intermediate

111, ligation of which with ammonia leads to Ar-Ni(l11)-NH; V.

Deprotonation of the coordinated NHz by DBU vyields Ar-
Ni(l11)-NH: V, which undergoes reductive elimination to afford
the C-N coupled product while regenerating the Ni(l) species.
Continuous lighting is necessary. This is probably due to the
formation of off-cycle, catalytically inactive Ni(ll) species from
the comproportionation of Ni(lll) and Ni(l) or the homolysis of
Ni(l1)-Ar intermediate, which requires continuous irradiation
to convert to the active Ni(l) and thus sustain catalytic turno-
Ver_Zla,e

Conclusion

In summary, we have developed a highly efficient photo-
chemical C-N coupling reaction of aryl halides with ammonium
salts. The reaction is catalyzed by the easily available
Ni(OAc),-d-Mebpy complex under direct excitation of light

Me

=
SN Ar

[

without the need for any external photosensitizer. With a di-
verse range of more than 110 examples reported, this coupling
protocol demonstrates the practical applicability in the synthe-
sis of anilines, late-stage modification of drug molecules and
5N-labeling of primary aryl amines. Mechanistic probing
points to a Ni(l)/Ni(l11) cycle that drives the catalytic turnover.
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