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Mechanistic insights into the visible-light-driven O-
arylation of carboxylic acids catalyzed by xanthine-
based nickel complexesfy
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We present a photocatalytic protocol for the O-arylation of carboxylic acids using nickel complexes bearing
C8-pyridyl xanthines. Our studies suggest that the underlying mechanism operates independently of
external photosensitizers. Stoichiometric experiments and crystallographic studies characterize the
catalytically relevant Ni complexes. Spectroscopic and computational investigations propose a thermally
controlled Ni(1)/Ni(m) cycle followed by a photochemical regeneration of Ni() species. Furthermore, the
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Introduction

Metallaphotoredox catalysis effectively merges photoredox
catalysis and transition metal catalysis, enabling challenging
bond formations and novel chemical reactions under benign
conditions."”” While a variety of transition metals have been
employed, nickel catalysis has enjoyed particular success in
facilitating the formation of new C-O, C-N, C-S, and C-C bonds
through photoactivated cross-coupling reactions.”*** These
dual photocatalytic strategies often use commercially available
bipyridine chelates combined with external photosensitizers."
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nickel-catalyzed metallaphotoredox reactions.

Among these motifs, 4,4-di-tert-butyl-2,2’-bipyridine (dtbbpy)
usually is the ligand of choice.”®** In addition, engineered
photoactive bipyridine-like scaffolds have also
effective.'®

Aryl-esterification is a versatile C-O coupling reaction with
wide-ranging applications in fine chemical, pharmaceutical,
and natural product synthesis.”””** Numerous approaches have
been investigated for the synthesis of aryl esters using Ni cata-
lysts, including thermal,”** electrochemical,” dual
photocatalytic,"******® semi-heterogenous™ and single-atom
(heterogeneous) photocatalytic*® protocols. Moreover, most
documented examples are limited in substrate scope, primarily
focusing on aryl iodides,'** or require elevated temperatures.**

Since 2017, several reports have detailed the nickel-catalyzed
arylation of carboxylates (Fig. 1)."*** The group led by MacMil-
lan described that Ni-bipyridine catalysts can facilitate visible-
light-driven esterification reactions using an iridium complex
as photosensitizer.”® Pieber and Seeberger have used a semi-
heterogeneous system combining graphitic carbon nitride
photocatalysts and nickel complexes for the C-O coupling
reaction.”* In addition, Tosoni, Vilé and co-workers recently
reported that a Ni atom-supported carbon nitride material
effectively catalyzes cross-coupling of carboxylic acids and alkyl
halides.” In early 2020, Nocera and co-workers demonstrated
that photoredox-like amination, etherification, and esterifica-
tion of aryl bromides can be achieved in the dark using a Ni(i)/
dtbbpy catalyst in conjunction with zinc as a sacrificial reduc-
tant, supporting the hypothesis of a thermally driven catalytic
cycle.”® Additionally, there are a few reports where nickel
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Fig. 1

(a) Ligands previously used in C—O cross-couplings, (b) proposed Ni()/Ni(i) mechanism for dual Ni-bpy-catalyzed C-O cross-couplings,

(c) principal Ni catalyst activation modes, (d) C-O cross-couplings catalyzed by xanthine-based Ni species.

catalysts are employed without external photosensitizers.>* A
photoactive bipyridine-like ligand, which combines substituted
quinoline and pyridine motifs, has been used for various met-
allaphotoredox cross-coupling reactions as described by Li and
co-workers."® The Pieber group introduced carbazole-decorated
bipyridine ligands, Czbpy (Czbpy = 5,5'-dicarbazolyl-2,2’-bipyr-
idyl and 4,4'-dicarbazolyl-2,2’-bipyridyl), that promote intra-
ligand charge transfer to activate the nickel catalyst.***?
Recently, Mirica and co-workers developed a single nickel
catalyst for C-O cross-coupling reactions using a tridentate
pyridinophane ligand.*® These advancements in single-metal
photoredox catalysts have significantly enhanced the utility of
metallaphotoredox  catalysis in C-O  cross-coupling
reactions.»'%*

The mechanism of Ni-catalyzed cross-coupling reactions has
been debated in recent literature. Most studies focused on the
Ni-bipyridine catalyst system for which several viable catalytic
manifolds have been proposed, involving Ni(1)/Ni(ur), Ni(0)/Ni()
and Ni(0)/Ni(u)/Ni(m)/Ni(1) cycles.'>?*>3*3573% From these studies,
it has emerged that a Ni(1)/Ni(u) cycle likely operates in most
dual Ni-bipyridine-catalyzed C-E cross-couplings (E = C, O, S;
Fig. 1b)."»?>3%44 Here, the (light-driven) reduction of the Ni(u)
precursor to the catalytically competent Ni(1) species initiates
the catalytic cycle, comprising individual steps that are acces-
sible without the involvement of photochemical events. Several
studies showed that oxidative addition to Ni(i) polypyridine
complexes is thermally accessible.*******> Van der Veen,

2752 | Chem. Sci., 2025, 16, 2751-2762

Thomas, and Pieber suggested that direct photoactivation of
a Ni(u)-halide complex generates the Ni(1) counterpart. These
authors showed that the catalytic Ni(1)/Ni(m) cycle can be initi-
ated by a visible-light-induced homolysis (VLIH).>***** More-
over, synthetic mechanistic studies by Mirica and co-workers
suggest a thermal Ni(1)/Ni(m) mechanism in the single Ni-
catalyzed etherification of aryl bromides.*® In 2023, Baha-
monde and co-workers presented mechanistic evidence of
a Ni(0)/Ni(u)/Ni(m) cycle for heterogeneous Ni-photoredox
amide arylation reactions.” Recently, the Pieber group sug-
gested the involvement of a Ni(1)/Ni(m) cycle in C(sp®)-C(sp*)
cross-coupling reactions.* Although the Ni(1)/Ni(m) cycle
seemingly operates in many reported protocols, the determi-
nation of a specific catalytic mechanism is intricate for any new
catalyst system. Indeed, it has been noted by Hadt and co-
workers that the population of a specific catalyst manifold is
governed by the electronic structure of the Ni catalysts,'> which
is highly dependent on the chemical environment of the metal
atom and especially the ligands.** Therefore, the mechanism of
Ni-catalyzed cross-couplings must be examined case by case.
Previous studies have considered several catalyst activation
modes (Fig. 1c). In dual photocatalytic systems, one-electron
reduction of Ni(1) complexes may generate reactive Ni(0)
species capable of undergoing oxidative addition with aryl-
halides.?” Pieber and Seeberger demonstrated that light irradi-
ation can produce photoexcited Ni(u)* species, facilitating the
product's reductive elimination.”” In addition, Hess described

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the photochemical reduction of Ni(u) complexes by amines,
presenting an alternative light-driven electron transfer process
for activating Ni complexes that does not require an additional
photocatalyst.>>>*

In this study, we demonstrate that the combination of fluo-
rescent C8-pyridyl xanthines and Ni(u) salts facilitates the light-
driven O-arylation of carboxylates, specifically using xanthine
derivatives such as N7-substituted theophylline or caffeine.
Xanthines are appealing scaffolds because they are naturally
abundant compounds found in edible products such as coffee,
tea, and chocolate. By chemically modifying the xanthine
backbone, it is possible to create bidentate ligand motifs that
serve as luminescent molecules.**** Our findings indicate that
these xanthine-based nickel complexes act as effective catalysts
in the light-driven O-arylation of carboxylates. To understand
how this xanthine-based nickel system functions, we conducted
a mechanistic investigation using both experimental and
computational techniques. We reveal the coordination behavior
and photophysical properties of selected ligands and
complexes, which include the isolation and crystallographic
characterization of pyridyl-xanthine Ni(1) complexes. Density
Functional Theory (DFT) calculations provide essential insights
into the mechanistic pathways, suggesting that a thermally
accessible Ni(1)/Ni(m) cycle is involved. This cycle is initiated by
the light-promoted reduction of the Ni(u) precursor complexes.

Table 1 Coupling reaction between 4’-bromoacetophenone (1a) and
benzoic acid (2a)*

Br COOH p-Anis\yNH
/©/ ©/ Ni salt, DIPEA
+
MeOC DMF, 455 nm, RT
1a 2a

. OMe

ligand:

p-AnispyNH o /©/COMe

0 e} 3a

Entry  Metal salt  Ligand 3a’ (%) 4a® (%) Sel’3a:4a
1¢ Ni(OTf), prAnisNNH 64 32 2.00

2 NiBr, panisgNH 59 35 1.49

3 Ni(OTf), dtbbpy 30 20 1.50

4 Ni(OTf), None 15 12 1.25

5 None pAniSNNH 39 —

67 Ni(OTf), pAnisNH o d. n.d. —

% Standard conditions: 4-bromoacetophenone (39.9 mg, 0.20 mmol),
benzoic acid (48.9 mg, 0.40 mmol, 2 equiv.), Ni salt (10.0 pmol,
5 mol%), ZA"NN" (72.0 mg, 20.0 umol 10 mol%), DIPEA (142 pL,
0.81 mmol, 4 equiv.), DMF (0.50 mL, 0.4 mM) 18 h, 40 °C, blue LED
(455 nm, 7.0 W, photoreactor TAK 120) Yield and select1v1ty (sel.)
determined by GC-FID using 1,3,5-trimethoxybenzene as internal
standard (8.4 mg, 0.05 mmol) and an appropriate calibration curve.
¢ Average of five independent runs. ¢ No light irradiation. dtbbpy =
4,4'-di-tertbutyl-2,2'-bipyridine.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Substrate scope for the nickel catalyzed arylation of carboxyl-
ates. Conditions: aryl bromide (0.20 mmol), carboxylic acid
(0.40 mmol, 2 equiv.), Ni(OTf) (3.6 mg, 10.0 umol, 5 mol%), P"ANSNNH
(7.2 mg, 20.0 umol, 10 mol%), N,N-diisopropylethylamine (DIPEA) (142
plL, 0.81 mmol, 4 equiv.), DMF (0.50 mL, 0.4 mM), 18 h, 40 °C, blue LED
(455 nm, 7.0 W, photoreactor TAK 120). Yields were determined by
GC-FID. Yields of isolated product are given in parentheses.
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Results and discussion
Photocatalytic cross-coupling of carboxylates and aryl halides

A library of several C8-pyridyl xanthine chelate ligands was
prepared by modification of established procedures (see ESI for
detailed informationt).*»***¢ The synthesized ligands and
simple Ni(u) salts were used as in situ generated Ni(u) catalysts,
which enabled photocatalytic cross-coupling of 4’-bromoaceto-
phenone (1a) with benzoic acid (2a) (Table 1). Among the
ligands tested, the para-anisyl substituted xanthine derivative
pAnisNNH (entry 1, p-Anis = p-(OCH;)-C¢H,) was most efficient,
surpassing the yield and selectivity of 4,4’-di-tert-butyl-2,2’-
bipyridine (dtbbpy) which is commonly used for nickel photo-
catalysis (Table 1, entry 3)." Typically, alkyl substituents on the
N7 atom of the xanthine scaffold, R® = Me, 'Pr and Bn, yielded
either low catalytic activity or poor selectivity (Table S3, entries
1-47). In general, aromatic substituents on the xanthine unit, R
= CgHs, 2-CsHyN, 4-OCH;-C¢H,, allowed for high conversions
(Table S3, entries 5-8t) except for ligands PA™SNN™¢ and
POHPhNNH (Table $3, entries 9 and 101), that gave rise to
moderate conversions. The reaction selectivity varies depending
on the nature of the aromatic ring on the xanthine N7 atom,
with p-OMe or p-OH exhibiting the best product/side product
ratios (Table S3, entries 8 and 107).

Control reactions showed that the lack of an exogenous
ligand resulted in a diminished conversion and poor selectivity
(Table 1, entry 4). Cross-coupling was not observed in the
absence of nickel or without irradiation (Table 1, entries 5 and
6). Details of the optimization steps under different reaction

(0] R3
/
7 \ /)
N N
o N N
| Ni

R3NNH
>
solvent
reflux, 16 h
\
BF/ Br
5Br (R3 = 2-Pyr)
X = Br, OTf 65" (R® = p-Anis)
NiXy — solvent:
EtOH or THF
N X ST
2 R3NNH |/ : N
—> N—Ni—N ! < = R3NNH
solvent / NN
reflux, 16 h N;I(—/ LI

78" and 70T (R3 = 2-Pyr)
8B and 89Tf (R3 = p-Anis)
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conditions are provided in the ESI, including the evaluation of
the effect of incorporating some common external photosensi-
tizers (Table S27).

Considering the results obtained in the initial evaluation, we
expanded the scope of the reaction to test a range of substrates
under the optimized reaction conditions (Fig. 2). Substrates
featuring electron-withdrawing groups (EWG) at the o- or p-
positions on aryl bromide 1 furnished good product yields (64-
74%) (products 3a, 3f, 3h, 3i). The 3,5-(CF;),-substituted
product 3j was obtained in 95% yield. In contrast, substrates
with EWGs at the m-position (Br, 3¢; CN, 3e) or a heterocyclic
substituent (2-py, 3g) afforded low to moderate yields (25-40%).
A halide atom (Cl) in p-position resulted in a low yield (12%).
Similarly, CN substitution at the o-position significantly
reduced the catalytic activity (3d, 13%). Aryl bromides bearing
electron-donating groups proved unsuitable as coupling part-
ners for benzoic acid (3k-n). Aryl iodides (3h?) also showed
lower product yields, with an increased formation of the dehy-
drohalogenation product (4h). Aryl chlorides did not undergo
the desired transformation (3h).

We also screened a series of carboxylic acids 2. Aliphatic R*
substitution of 2 led to moderate yields (44-66%) for aryl esters
30-s. The use of electron-poor benzoic acids did not signifi-
cantly influence the product yield. Whereas moderate
improvements were observed for compounds 3u and 3v, with
yields of 46% and 52%, respectively, the cyano-substituted
substrate 3t resulted only in trace amounts of the product.
Electron-rich carboxylic acids provided the respective esters in
moderate yields, 3w-z (55-66%).

i g
o

g

Scheme 1 (a) General synthesis of xanthine-based Ni(i) complexes INiBro(R3NNHM)] (587/65") and [NiX,(R3NNH),] (7/8) with solid-state molecular
structures of (b) [NiBr(u-Br)PA"NN")J, (68", and (c) [NiBro(™Y"NN"),] (75"). Displacement ellipsoids are drawn at the 50% probability level. H-
atoms have been omitted for clarity. Selected bond lengths [A] and angles [°] for (6%"),: Ni-N12.052(3), Ni—-N2 2.013(3), Ni-Br1 2.4875(7), Ni-Br2
2.5549(7), Ni-Br3 2.4113(7), N1-Ni—N2 80.25(11), N1-Ni—Brl 167.94(9), Br1-Ni—Br3 94.59(2), Br2—Ni—-Br3 154.45(3); for 7% Ni1l-N1 2.284(2),
Ni1-N2 2.059(2), Ni1-N32.065(2), Ni1-N4 2.244(2), Ni1-Brl1 2.504(1), Ni1-Br2 2.500(1), N1-Ni1-N2 76.72(7), N3-Nil-N4 76.96(7), Br1-Nil-Br2

100.11(2).

2754 | Chem. Sci., 2025, 16, 2751-2762
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Synthesis and characterization of catalytically relevant species

The coordination behavior of the most effective ligands in the
catalytic transformation described above, ®Y"NN* and 7A™NN",
was investigated towards Ni(OTf), and NiBr, (Scheme 1). Both
ligands form stable and isolable 1 : 1 complexes [NiBr,(**NN")],
(5%, R* = 2-pyr; 6%, R’ = p-Anis), as well as 2:1 complexes
[NiBr,(**NN"),] (7%, R® = 2-pyr; 8%, R® = p-Anis) with NiBr,,
depending on the ligand stoichiometry used in the synthesis. In
the solid state, complex 6 adopts a bromide-bridged dimeric
structure featuring five-coordinate Ni*>* cations, comprising one
bidentate C8-pyridyl xanthine chelate and three bromide
ligands (see Scheme 1b). Notably, the solution "H-NMR spectra
of complexes 5 and 6" exhibited paramagnetically shifted
signals (see the ESI for detailst).

In addition, we isolated 2:1 complexes [Ni(OTf),(**NN"),]
(7°™, R® = 2-pyr; 8°™, R® = p-Anis). Complexes 7 and 8 feature
hexacoordinate Ni(i1) centers with cis-configuration in the solid
state (Scheme 1). In solution, these octahedral Ni(i1) complexes
are NMR silent.

To investigate the possible role of the synthesized complexes
in the catalytic arylation of carboxylates under study, we
explored the photoreduction of the Ni(u) compounds. In this
regard, we measured the UV-vis absorption spectra of the
individual reaction components in the catalysis. Weak d-
d transitions were observed in the visible spectrum of the hex-
acoordinated [Ni(DMF)s]*" (*Ayy — *Tyy(F),"Ey: 700-780 nmy
*Asg = “Ti1g(P): 410 nm, Fig. S7 in the ESI{). None of the other
components of the reaction mixture absorb light in the spectral
range around 450 nm. Nevertheless, we found significant
changes in the absorption spectra of the mixtures of NiBr, or
[NiBr,(P™NN")] (6®") with N,N-diisopropylethylamine (DIPEA)
in DMF after irradiation with blue LED light (455 nm). The
resulting spectra showed increased absorption in the spectral
regions 370-490 nm and 490-590 nm (Fig. 3). While the
absorption below 400 nm stems from PA™SNN* (Fig. S4 in the
ESIt), the new absorption band at 370-490 nm can presumably
be attributed to the decomposition of N,N-diisopropylethyl-
amine radical cation (DIPEA'") and its reaction with Ni

fy ~ — -NiBr,(°""sNN") + DIPEA, hv
! = = NiBr,(P""*NN") + DIPEA, AT
——NiBr, + DIPEA, hv
——NiBr, + DIPEA, AT

r T T T T
300 400 500 600 700 800
Wavelength [nm]

Fig. 3 UV-vis absorption spectra of NiBr, (20 mM) with DIPEA (1.6 M,
80 equiv.) or 65" with DIPEA (1.6 M, 80 equiv.) after thermal reaction at
65 °C (AT), and after 18 h of illumination at 455 nm (hv), respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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complexes.”” The absorption bands between 490-590 nm are
likely associated with the formation of Ni(1) species (vide infra).

To gain further insight into this matter, we also prepared low-
valent Ni() and Ni(0) complexes with the ligand PA™SNN"
(Scheme 2). Commercially available [Ni(cod),] (9; cod = 1,5-
cyclooctadiene) was subjected to ligand exchange with PA"SNNH
(see ESI for detailst). Unfortunately, all efforts to isolate and
characterize the putative complex [Ni(cod)®*"*NN")] (10) were
unsuccessful, possibly due to its high sensitivity to temperature
and light. In fact, the reaction mixture forms metallic mirrors
alongside the free ligands?*™*NN" and 1,5-COD above —30 °C or
when exposed to daylight.

To confirm the formation of 10, the related Ni(1) compound
[NiBr(PA"*NN")] (11®") was synthesized in two steps from 9. The
in situ generated complex 10 was treated with 1 equiv. of
complex 6° to access 11%" via comproportionation. Complex
11" forms a precipitate that is insoluble in common organic
solvents. Thus, characterization by solution NMR and single-
crystal XRD analysis were not viable. The precipitate results
from the formation of halide-bridged dimers of complex 11",
Of note, similar precipitates were reported for Ni(1) complexes
with  bipyridine (bpy) and phenanthroline (phen)
ligands.*****44%58-6° DFT simulations by Hadt on dimeric dtbbpy

p-Anis
E“\ 17 p-AnispH \j\ \ N/ \_/
N7 ZTENNT L AN N
. —  THF,-30°C | N,/
=N - CcoD A ~.\\\
B 10 O
[NIBr,(PATSNNH)], 687 Bu
THF, -30t0 25 °C THF,-30to 25 °C
-COoD Ar'= 'Bu o’ |-COD
'Bu
o p-Anis o p-Anis
! /
b N - ~y N —
}\ [ % N—7 )\ I % N—7
0”7 >N N S N
| N ‘ N S
NI NI
| |
1180 Br 5 110Ar 'Ar/o
—e
¢
¢ o [ N1 —)‘
8 04 Nit A > ety
b Ny - ‘( T 0
A A
L)
wow o0 Y
o
11Br
. p-Anis = —E‘@OME

Scheme 2 (a) Synthesis of low valent Ni species [Ni(cod)PA"sNN")]
(10) and [NiX(P-ANSNNM)] (X = Br (115", OAr* (11°4™), starting from the
precursor [Ni(cod),] (9). (b) Structure of the dimer (1187, calculated
with DFT. (c) Solid-state molecular structure of 11°A". Displacement
ellipsoids are drawn at the 40% probability level. H-atoms have been
omitted for clarity. Selected bond lengths [A] and angles [°]. Ni-N1
1.975(3), Ni—-N2 1.935(3), Ni-O4 1.819(7), C10-N2 1.366(4), C1-C2
1.463(4), C8-N1 1.349(4), N1-Ni—-N2 82.21(11), N1-Ni-0O4 140.59(9),
N2-Ni—-0O4 136.84(8).
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complexes of Ni(i) found bent and flat dimer structures with
similar energies.” To better understand the formation of this
kind of species in our case, we performed DFT calculations on
the structure of dimer (11%),. According to these, (11%"), exists
only as a severely bent structure (spin state S = 1, Scheme 2b).
We also found that the dimer formation is energetically uphill
by AG = 11.2 kcal mol ™" in solution phase. Interestingly, the
dimerization is exergonic in gas-phase (AG = —8.7 kcal mol ™"
and AH = —1.3 kcal mol "), suggesting that the precipitation of
the compound is the driving force behind the dimerization.

An aryloxy substituted complex, [Ni(OAr*)®*™*NN")]
(11°4, Ar* = 2,4,6-('Bu);-C¢H,), closely related to 11%*, was
accessed by treating a mixture of [Ni(cod),] (9) and P*™NN"
with the aryloxy radical "OAr*.°* In contrast to 11%, complex
1194 is soluble in most common organic solvents. The
"H-NMR spectrum exhibits broad high-field shifted signals
typical of a paramagnetic species. The molecular structure of
11°4" was determined by single-crystal X-ray diffraction
(Scheme 2c). The N=C-C=N scaffold of the ligand backbone
(C-N 1.349(4) and 1.366(4) A, C-C 1.463(4) A) remains unaltered
relative to the free ligand 7™ *NN" (C-N 1.344(2) A and 1.342(2)
A, C-C 1.471(2) A). These findings indicate that the ligand is not
reduced.

The UV-vis spectrum of 11°**" supports our initial assign-
ment that the bands between 490-590 nm observed in the

Observed reactions

View Article Online
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photoreduction of the Ni(i1) compounds correspond to possible
Ni(1) species. In fact, a significant absorption between 400-
600 nm was present in the UV-vis spectrum of 11°4™" (Fig. S7 in
the ESIt). Moreover, UV-vis monitoring of a diluted and freshly
prepared solution of 11%", obtained in situ by treating [Ni(cod),]
with PA"SNNY and 4-Br-C¢H,-COMe, as shown in Scheme 3a
(vide infra), revealed two small absorption bands at 470 and
520 nm (Fig. S10 in the ESIf). Once formed, the isolated
material is insoluble in common organic solvents, probably due
to the formation of the halide-bridged dimer (11"), (vide supra),
hence hampering the measurement of its absorption spectrum.
Furthermore, the reduction of NiBr, with Zn was previously
reported to result in increased absorption between 500-
600 nm.**

Additionally, and within our theoretical calculations (using
DFT), we explored possible pathways for the reduction of Ni(u)
(Scheme S11 in the ESIt). The spectroscopic observations and
DFT calculations are consistent with the photoreduction of Ni(u)
by DIPEA, proceeding initially to a Ni(i) species via light-induced
single electron transfer (SET). The photoreduction most likely
results from a Ni**-centered d-d transition. Further reduction to
Ni(0) species can occur as a side reaction. However, our calcula-
tions show that these unstable Ni(0) complexes undergo com-
proportionation with Ni(u) to Ni(1) (see Scheme S117).

Proposed reaction intermediates

N Br E Ar
< \Ni/ 68" ' N\’\I“_‘\\\OAF* 120Ar" Br
ArBr NN : SN
RT, THF Br + Ar—Ar : | N Br
— * +Ar=H ; -
N OAr* i N OAr*
\NI/ GOAr ' \Ni/ 130Ar*Br
NG i N
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PhCOOH N o E B o
(N\Ni—OAr* RT, THF < ST N—ph + Ni%metallic) | <N\NI/ N ph| 11088
e D p-Anis; H ' / ,
N N d . + NN N \O
110Ar gOBAC '
N OA : o p-Anis :
v N + Ni%(metallic) NN N =N
— /N|\ + P-AnisNH :< _ N | :
N OAr* PN )\ 7N
' N
. 0“" "N N :
GOAr , | §
Ar = 3,5-(CF3),-CgHg, Ar* = 3,5-('Bu),-CgH3 S S :
Observed reactions Proposed reaction intermediates
b i
' N A
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{§ \/: _S 1)p-AnisNNH E N o |
N _30°C,THF CN\N. . teob :
N i—Br  +Ar-Ar ' -
s 2) ArBr N/ + Ar—H !
- RT, THF f _
9 118r E N\Ni/Ar 13ArBr
Ar = 4-(COMe)-CgH, ! N N
I r

Scheme 3 (a) Oxidative addition of ArBr and transmetalation with benzoic acid from Ni() complex 11°2™ as well as decomposition from irra-

diation. (b) Oxidative addition of ArBr to Ni(0) complex 10.
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Finally, our efforts to isolate and characterize Ni(m)
compounds bearing the ligand Z™NN" have been unsuc-
cessful to date (vide infra and see ESIt).

Synthetic model reactions

Once the low-valent nickel species 10 and 11°*"" were identified,

and 11°%"" was characterized, we tried to understand whether
the Ar-Br bond in the aryl halide substrate can be activated
under thermal conditions. In this regard, we examined the
oxidative addition of aryl bromide ArBr to the in situ generated
species 10 and to complex 11°4”, By treating 11°*" with
ArBr (Ar = 3,5-(CF3),-CsH3), we observed the formation of
[NiBr,(P*™SNN")] (6 and [Ni(OAr#),F*"sNN")] (6°*)
alongside Ar-Ar and Ar-H (Scheme 3a). The formation of Ar-Ar
and Ar-H was detected by 'F-NMR spectroscopy. This is
consistent with the oxidative addition of ArBr to 11°*" forming
intermediate 12°4®*, followed by Ni-Ar bond homolysis to
13°47"Br and ligand exchange of the complexes. Alternatively,
the presumed Ni(m) species 12°**"®" can comproportionate
with 11°* forming Ni(i) compounds. Upon ligand redistribu-
tion, reductive elimination from the assumed binary complex
[Ni(Ar),(P*"NN")] (6*") would lead to Ar-Ar, while HAT from
DIPEA"" to any Ni-Ar species will lead to Ar-H. Further evidence
of the Ni-Ar bond homolysis was obtained by treating the Ni(u)
complex [Ni(Ar)Br(PPh,),] (14) with PA"™SNN" (one equiv.),
affording the Ni(r) complex [NiBr(P*™*NN")(PPh;)] (11 PPh;),
which was isolated and characterized by "H-NMR spectroscopy
and single crystal XRD analysis (see the ESI for further details¥).

Similarly, upon treatment of the in situ generated Ni(0)
complex 10 with 4-bromoacetophenone (Scheme 3b), the Ni(1)
complex 11® was formed along with the biphenyl (Ar-Ar) and
the hydrodehalogenation (Ar-H) side products (Ar = 4-(COMe)-
CeH,). The formation of Ar-Ar was observed by GC-MS analysis
of the reaction mother liquor and confirmed by "H- and “*C{"H}-
NMR spectroscopy (see Scheme S8 and Fig. S83 in the ESIY).
Likely, Ni-Ar bond homolysis took place, thus reducing Ni(x) to
Ni(1), as reported by Doyle.*” Again, another scenario to explain
this reactivity would be the comproportionation of the
presumed Ni() species [Ni(Ar)(Br)P*™*NN")] with 10, thus
forming Ni(1) compounds.

Our synthetic studies therefore suggested that low-valent
nickel species 10 and 11°*" can activate the Ar-Br bond
under thermal conditions. Additionally, we treated 11°4"" with
PhCOOX (X = H, K) to simulate the transmetalation reaction.
Instead of the putative Ni(i) complex [Ni(O(CO)Ph)(P*™*NN*)]
(11°84°), the Ni(n) complex [Ni(O(CO)Ph),F*™NN")] (6°%*)
was formed alongside a metallic mirror of Ni(0). This indicates
a disproportionation of the Ni(1) species 11°%*° driven by
precipitation of Ni(0). Disproportionation can also be observed
when irradiating complex 11°**" with blue light. These results
underline the susceptibility of the Ni(i) and Ni(m) species
towards deactivation via comproportionation, driven either
thermally or by light.

Furthermore, we aimed to identify viable catalytic interme-
diates among the abovementioned Ni species. Specifically, we
repeated the cross-coupling of benzoic acids with aryl bromides

© 2025 The Author(s). Published by the Royal Society of Chemistry
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using stoichiometric amounts of the nickel complexes obtained
in different formal oxidation states. Complexes 6™, 10 and
11°*" were reacted with 1a in a 1:1 ratio, either under light
irradiation (455 nm) or in the dark (thermally). The results are
summarized in Table 2. Here, the cross-coupling reaction was
not observed under thermal conditions (Table 2, entries 1, 3, 5),
regardless of the nickel complex and its formal oxidation state.
Instead, we observed hydrodehalogenation of 1a promoted by
Ni(0) and Ni(1) complexes (compounds 10 and 11°*", entries 1
and 3). Note that the Ni(u) complex 6 was not able to produce
cross-coupling or hydrodehalogenation product under thermal
conditions (entry 5). However, substantial amounts of hydro-
dehalogenation product 4a were formed under 455 nm LED
light irradiation (entry 6). These findings agree with the
reduction of 6°" to Ni(1) complex(es) under irradiation, that can
promote hydrodehalogenation. Similarly, more hydro-
dehalogenation occurred in the presence of the Ni(0) species 10
under irradiation. Strikingly, we observed full conversion of the
starting material and significant formation of the cross-
coupling product 3a for the reaction with complex 11°4
under blue light irradiation (entry 4). The thermal process only
delivered a relatively small amount of hydrodehalogenation
(entry 3).

In conclusion, the model cross-coupling reactions show that
only the Ni(1) species 11°A"" facilitates the O-arylation of benzoic
acid 2a with aryl bromide 1a. The lack of product formation
under thermal conditions with 11°*™ can be explained by the

Table 2 Cross-couplings mediated by stoichiometric amounts of
Ni(0), Ni(), and Ni() complexes under thermal and photochemical
conditions®

Br COOH
o
MeOC
1a 2a

Ni complex, DIPEA

DMF, 455 nm, RT
or 65 °C, dark

3a 4a
Entry [Ni] T A 3a’ (%) 4a® (%)
1 Ni(0) 10° 65 °C — — 70
2 Ni(0) 10° 40 °C 455 nm — 90
3 Ni(1) 1194 65 °C — — 21
4 Ni(1) 1194 40 °C 455 nm 50 50
5 Ni(n) 6% 65 °C — — —
6 Ni(u) 6°" 40 °C 455 nm — 57

¢ Conditions: 4-bromoacetophenone (3.9 mg, 20.0 umol), benzoic acid
(4.9 mg, 40.0 pmol, 2 equiv.), Ni species (20.0 pmol, 1 equiv.), DIPEA
(14.2 pL, 80.0 pmol, 4 equiv.), DMF (0.50 mL, 0.04 mM), 18 h, 40 °C
or 65 °C, blue LED (455 nm, operating power: 7.0 W, photoreactor
TAK 120) or dark. ° Yield and selectivity were determined by GC-FID
using 1,3,5-trimethoxybenzene as internal standard (8.4 mg, 50.0
pmol). < Complex 10 was generated in situ by mixing [Ni(cod),] (20.0
pmol, 1 equiv.) and Z™*NN" (200 umol, 1 equiv.).
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high concentration of Ni(1) species in the reaction mixture and
a higher energy barrier for rate-limiting oxidative addition or
reductive elimination steps compared to 11°" (see Computa-
tional section). Ni(m) species formed by oxidative addition of
aryl bromides are more likely to comproportionate with the
abundant Ni(1) rather than following a productive reaction
pathway under these conditions. Likewise, the same argument
applies to the lack of product formation under photochemical
conditions with 6", in contrast with the catalytic experiment
shown in Table 1, entry 2. Again, under the relatively high nickel
concentration in the model stoichiometric reaction, the com-
proportionation of 11% and 12*®" (X = Br, OBAc) kinetically
competes with the productive reaction step, the reductive
elimination from Ni(u).

Computational investigations of the mechanistic pathway

The results obtained, including the isolation of possible cata-
lytic intermediates, stoichiometric model reactions and UV-vis
monitoring experiments, were taken into consideration to
perform a detailed computational mechanistic investigation
using density functional theory (DFT) calculations. This allowed
for the construction of a complete catalytic cycle in atomistic
detail, including all intermediate and transition state
structures.

We performed DFT calculations to compare competing
mechanistic pathways. Technical details of these calculations

A
+

AG(sol) f\r\
(kcal/mol) CN\ ‘B
Nj---Br

NN

Br

TS(1151288")  1g(140BAc_q20BAcBr)
(14.71) (14.29

Br forms ion pair
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Br K

]
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

i
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are given in the ESL{ Scheme 4 shows the most plausible
reaction energy profile of the proposed thermal catalytic cycle,
which initiates from Ni(1) species 11°". We selected complex 11*
as the model system for the calculations and compared two
scenarios where either the oxidative addition of aryl bromide
(path A) or the transmetalation of carboxylate (path B) initiates
the catalytic cycle. We found that both pathways are equally
viable. In path A, the oxidative addition of the aryl bromide to
generate complex 125" traverses a concerted transition state
TS(11%-12°%%""), followed by the transmetalation of the carbox-
ylate leading to 12°P*“P*. Notably, ion pairing between
a bromide anion and the cationic amine reductant (DIPEA-
H'Br)*® facilitates the removal of the anion. In pathway B, the
order of these steps is reversed: the transmetalation of carbox-
ylate leads to 11°PA°, followed by the oxidative addition
TS(11°P4¢-12°%49P")_ The activation energies of the first steps of
the two pathways are 14.7 and 14.3 kcal mol ' respectively.
These energies suggest that both pathways are likely operative
in parallel. These two initial steps result in a common Ni(m)
intermediate 12°%2“®*, The reductive elimination passes
through a concerted transition state TS(12°PA“®*-3a), which is
the most challenging transformation among the computed
reaction steps, with an activation energy of 22.3 kcal mol . This
barrier is sufficiently low to enable a fast reaction under the
experimental conditions, indicating that additional energy from
photoexcitation is unnecessary for the elementary steps in the

‘act=22.30

N
C SNi-Br
N

1208BAcBr ?’ 118
F147) (N\Nim-\@?

N7 | 7, S ~Ph

Br O
—————————————————————————————————————— O

0 p-Anis Ar\o)J\Ph

reductive elimination I

_._.DIPEAHBr
A oxidative addition transmetalation |
B transmetalation I oxidative addition

Scheme 4 Core mechanism of the cross-coupling reaction. (A) Oxidative addition-first mechanism; (B) transmetalation-first mechanism. Ar =

4‘(COM€)—C6H4.
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catalytic cycle. For instance, when the reaction is performed
without irradiation, but using zinc powder as the sacrificial
reductant instead, 25% of the O-aryl ester was obtained (Table
S7, entry 81). Moreover, only 15% of product was obtained using
a liquid-cooled photoreactor, which keeps the reaction
temperature at 18 °C (Table S7, entry 67), in strong contrast with
the 66% yield obtained at 40 °C (Table S7, entry 1f). This
evidence is consistent with a significant contribution of ther-
mally driven reaction steps to product formation. Notably, the
Pieber group has recently reported a C-C cross-coupling system
that operates through a Ni(1)/Ni(ur) manifold, without involving
photoredox reactivity, according to the mechanistic evidence.*

Our calculations also explain the influence of the different
counter-anions (X = Br, OTf or OAr* ) on the reaction (see
Scheme S14 in the ESIT). The Ni(i) triflate complex OTf~ (11°™)
is readily converted into 11", which is part of the core mecha-
nism of the cross-coupling reaction (Scheme 4). When OAr*™ is
used, the activation barrier of the oxidative addition (AG* =
23.7 kecal mol™", Scheme S14ct) is higher than that of the
reductive elimination commencing from 11% (TS(12°%4**"-3a)
in Scheme 4, AG* = 22.3 kcal mol ). This barrier is consistent
with the formation of cross-coupling product under blue-light
irradiation (vide supra, Table 2 entry 4). The lacking success of
the thermal reaction under the same conditions (Table 2 entry
3) is likely attributed to the rapid synproportionation of Ni(ur)
intermediates with 11°* (vide supra).

The complete mechanism of Ni-catalyzed aryl esterification
reaction is summarized in Scheme 5. The catalytic cycle is

1S ”IH}

0.0 = calculated reaction free energy AG in
kcal/mol for X = Br !
(0.0) = activation barrier AG¥ in kcal/mol for !
X=Br
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initiated via the light-promoted reduction of Ni(u) complexes of
the type [NiX,(P*™*NN")] (X = Br, OTf ", OAr*~, PhCOO") to
Ni() complexes of the type [NiXP*™*NN")] (11¥), which is
described in detail in the ESLT Starting from 11, two alterna-
tive mechanistic pathways are feasible. In the first scenario, 11*
undergoes oxidative addition of aryl bromide forming the Ni(u)
intermediate 12*®". Subsequently, transmetalation with ben-
zoic acid generates intermediate 12%°BA¢ or 12°%4“P*, In the
second scenario, the transmetalation takes place before oxida-
tive addition, forming the benzoate complex 11°%*°. Then,
oxidative addition of aryl bromide yields the same type of
intermediate 12°%4“®*. The catalytic cycle is closed by the
reductive elimination of the cross-coupling product 3, which
regenerates the Ni() intermediate 11%,

We note that Ni(m) species 12 can participate in side-
reactions, which limit the selectivity and continuity of the
catalytic processes (Scheme S13 in the ESIT). Our computational
study suggests that 12°PA°B" can abstract a hydrogen atom from
DIPEA™", with an activation energy of AG* = 23.2 kcal mol™*
(TS(12°PABr-139BA<Bn)) indicating that hydrogen atom transfer
(HAT) is thermally viable, but slower than the reductive elimi-
nation (AG* = 22.3 kcal mol ™, TS(12°%4“F_3a)). As a result, the
hydrodehalogenation side product 4 occurs as a side product in
the catalytic reaction. It is also noted that the thermal activation
of HAT from intermediate 12" is not feasible as the overall
barrier of such reaction is 30.0 kcal mol™?, associated with
TS(125°"-6"").

DIPEA

Ar—Br
1
4a
70 Ar—H
(14.7) DIPEA" 36 DIPEA
. (230 A
HAT
\
CN\ o
NiH
r N7
13X,Br
20.7
N N X
C SNi—x C N
N N Ar
13X,Ar

K 2a”
Scheme 5 Complete mechanistic proposal of the visible-light-activated Ni-catalyzed O-arylation reaction. The energy unit is kcal mol™. X = Br,
OTf, OAr*.
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In addition, comproportionation of Ni(u) species 12 with
complex 11 results in catalytically inactive Ni(u) compounds.
These Ni(u1) species can reenter the catalytic cycle upon light-
activated reduction. In fact, the redox couple Ni(u)/Ni(1) is
reversible, as confirmed by cyclic voltammetry measurements
with 11°*" (Fig. S84 in the ESI{). Furthermore, two complexes
of type 11®" can be deactivated by the formation of a bent dimer
(11%"), as reported by Hadt.** The dimerization is uphill in
energy (AG = 11.2 keal mol ™), but is driven by the precipitation
of the insoluble dimer.

Conclusions

Xanthine-based chelate motifs can act as supporting ligands in
nickel-catalyzed O-arylation of carboxylic acids with aryl
bromides, achieving up to 95% product yields under blue light
irradiation, while also facilitating the isolation of well-defined
Ni(1) and Ni(n) complexes for mechanistic studies. Through
UV-vis absorption spectroscopy and DFT -calculations, we
identified a thermally controlled Ni(1)/Ni(m) mechanism in C-O
cross-coupling reactions. Furthermore, the sequence of the
oxidative addition and transmetalation steps is variable and
depends on the counter-ion present in the reaction. This
observation may have implications for other Ni-catalyzed cross-
coupling reactions. We also studied the hydrodehalogenation
side-reaction and catalyst deactivation in our system. The
computational investigations suggested that HAT using
DIPEA"* as the hydrogen atom source is a viable minor pathway.
This might explain the hydrodehalogenation under our reaction
conditions. In fact, the process has an activation energy similar
to the reductive elimination of the cross-coupling product.
Concerning catalyst deactivation, the comproportionation of
Ni() and Ni(m) species generates inactive Ni(u) compounds
which require reactivation by light-induced reduction.

DIPEA can play three possible independent roles in the
catalytic cycle: First, it acts as a sacrificial reducing agent,
producing Ni(1) species and generating the DIPEA™ radical,
which triggers HAT as a collateral effect. Second, DIPEA func-
tions as a Brgnsted base by deprotonating both the carboxylic
acid and DIPEA"" radical cation. Lastly, the protonated form of
DIPEA (DIPEA-H") facilitates the dissociation of Br~ anions and
enables transmetalation.

This study underscores the effectiveness of xanthine-based
ligands in facilitating nickel-catalyzed C-O couplings. Notably,
these ligands eliminate the need for an external photosensitizer
and enable detailed mechanistic analyses. The combination of
experimental and computational methods supports a mecha-
nistic scenario in which the cross-couplings occur via a thermal
mechanism, without requiring photochemical processes during
the crucial reductive elimination step. Instead, visible light
serves to sustain the thermal nickel(i)/nickel(m) cycle by regen-
erating the active nickel(1) species.

Data availability

The data supporting the findings of this study are available
within the paper and its ESIT files. Crystallographic Information
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Files (CIFs) have been deposited at the CCDC under the depo-
sition numbers 2354527-2354534 (see ESIt). These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access
Structures service.
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