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A B S T R A C T

We present the mechanistic understanding of an electrochemically-driven nickel-catalyzed coupling reaction.
Computational analysis reveals that the spin density is mostly residing on the nickel (Ni) center when NiII is
reduced to NiI. Ni-mediated halogen atom abstraction through outer-sphere electron-transfer pathway to yield
coupling products under mild conditions is demonstrated. Importantly, we have elucidated the role of NiI and Ni0

for successive coupling of benzyl bromide and benzyl chloride derivatives, respectively, to corresponding bibenzyl
products. The Ni-catalyst bearing a PN3P-ligand is an effective catalyst, producing a strong ligand effect on the
reactivity and selectivity for the homocoupling reactions.

1. Introduction

The C–C coupling reactions have attracted significant attention since
their discovery and have been one of the most important research areas
[1]. These reactions typically require the use of precious metal catalysts
(e.g., Pd [2,3], Au [4] and Ru [5]) and sometimes significant excess of
reductants. In this regard, the economical and less toxic Ni catalysts have
drawn increasing attention [6–10]. The design of catalysts and related
techniques to overcome these drawbacks is thus of utmost importance.
Electrochemical transformations have a high potential to address these
issues [11–15]. Several remarkable electrochemical coupling reactions
for the C–C [16–20], C–O [21,22], C–N [23–25], C–S [26], N–S [27] and
N–P [28] bond formation have been developed, but to the best of our
knowledge, less attention has been paid to the homocoupling reactions
using cyclic voltammetry methods [29–33].

Different pathways are possible for metal-mediated radical formation
from aryl and benzyl halides. Among them, single electron transfer
pathways, either outer-sphere or inner-sphere mechanism, have been
proposed [34–36]. Electron transfer proceeds from metal to the
aryl/benzyl halides to form radical, followed by C-X bond cleavage [10,

37,38]. Recent DFT calculations on several Ni0 and NiI systems propose
the concerted halogen-atom-abstraction pathway and most of the
transition-metal catalyzed coupling reactions reported so far require
metal center reduction to its formal zero valent state [39–41]. In the case
of Ni-based systems, the commonly found reduced metal species is Ni0. In
very few systems, the coupling goes through a formal NiI species, prob-
ably because it is difficult to control the reduction by using metal pow-
ders. On the other hand, while low-valent NiI species is difficult to isolate
due to its inherent instability, such type of species can be generated by
electrochemical methods and employed in coupling reactions.

We have developed various PN3(P) pincer ligand architectures and
have demonstrated that their metal complexes often offer some unique
reactivities because of their different kinetic and thermodynamic prop-
erties compared to those of analogs with CH2 spacers [42–49]. Herein,
we report a PN3P–Ni complex (1) (Fig. 1) for benzyl halide homocoupling
reactions under electrochemical conditions. We present electrochemi-
cally, for the first time, that two different formal oxidation states (0 and
þ1) are catalytically active in the presence of benzyl chloride and bro-
mide, respectively.
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2. Results and discussion

2.1. Synthesis and characterization

[Ni(LPN3P) (Cl)]Cl (1) was synthesized by mixing the PN3P ligand and
NiCl2 in THF and recrystallized in MeOH (Fig. 1) [48]. The purity was
confirmed by NMR, HRMS, elemental analysis, and UV–vis (Figs. S1-S5,
Tables S1 and S2 in Supporting information). The crystal structure shows
that the NiII center is bound to the N atom (pyridine ring), two P atoms of
two di-tert-butylphosphine arms and one chloride anion (the other non-
coordinating chloride anion resides outside the metallo-ligand to balance
charge) to give a slightly distorted square planar geometry, where the
metal center has no deviation from the plane (dNi ¼ 0 Å; dplane ¼ 0 Å). As
we have previously showed that POCOP–Ni complexes could catalyze the
homocoupling reaction of a series of benzyl halide derivatives by using
zinc dust as a reductant at 115 �C (Scheme 1) [50], complex 2was chosen
for benchmarking the activity under electrochemical conditions.

2.2. Cyclic voltammetry and spectroelectrochemistry

Cyclic voltammograms (CV) of complexes 1 and 2 using glassy carbon
as a working electrode displayed a quasi-reversible reduction wave at
�1.49 V (ΔEp ¼ 66 mV) and �1.33 V (ΔEp ¼ 80 mV) vs. Fcþ/0 in DMF,
respectively (Fig. 2A), which corresponded to a NiII/I redox couple,
consistent with values reported for other Ni complexes [51–54]. Addi-
tionally, a quasi-reversible reduction wave was observed at a more

negative potential at�2.06 V (ΔEp ¼ 110 mV) vs. Fcþ/0 for 1 [53,55]. No
additional wave was observed for complex 2 when further scanning was
done to more cathodic potentials, indicating that the associated redox
process is kinetically hindered (Fig. S6 in Supporting information). The
event observed at a more negative potential of complex 1 can be attrib-
uted to a NiI/0 redox couple, suggesting the PN3P ligand may stabilize the
Ni0 oxidation state. Coulometric study of the reduction of 1 confirmed
that the first reduction wave corresponds to a one-electron reduction
process. The CV of the NiII/I process was obtained at different scan rates
to reveal a linear relationship, confirming a diffusion controlled process
with the diffusion coefficient determined to be 1.5 � 10�7 cm2/s by the
Randles-Sevcik equation (Fig. S7 in Supporting information).

Spectroelectrochemical data supported the generation of a single-step
one-electron transfer at �1.60 V, and the cathodic potential induced a
gradual decrease (by ~25%) in the LMCT band at 318 nm, while the
bands around 459 nm shifted to 474 nm (Fig. S8 in Supporting infor-
mation). The depletion of the optical band at 318 nm, along with a
decrease of the 274 nm band and the formation of a new band at 355 nm
at the same solution, suggest a possible one-electron reduction of 1,
attributed to the reduction of NiII to NiI.

2.3. Identification of low valent nickel species

In order to elucidate this reduction process and to address the limited
solubility of complex 1, a counterion exchange reaction with NaBPh4 was
conducted to afford complex 3 (~95%) (Scheme 2 and Fig. 3, Figs. S9-
S12 and Tables S1 and S2 in Supporting information). Complex 3 showed
similar redox behaviors in CV that observed for 1 in DMF (Fig. 2A, violet
line). The observed similar NiII/I and NiI/0 redox couples suggest that
there is no substantial effect of BPh4 to the NiII center. Chemical reduc-
tion of 3 with 1 equiv. of cobaltocene in dry and degassed THF led to the
formation of complex 4 (Figs. S13 and S14 in Supporting information).
The optical spectrum observed after stoichiometric reduction of complex
3 by cobaltocene is analogous to that of reduced 1. The EPR spectrum of
complex 4 in acetone was essentially identical to that obtained by elec-
trochemical reduction of 3 in acetonitrile. The X-band EPR spectrum of
this species exhibit a rhombic signal, with gx ¼ 2.21; gy ¼ 2.11; and gz ¼
2.02, which confirms an S ¼ ½ ground state at 100 K (Fig. 2B, red line).
The spectrum shows distinct splitting from the pincer ligand donor atoms
as well as the chlorine [56]. The g-values and splitting constants for
complex 4 is summarized in Table 1. The deviation of the g-values from
ge ¼ 2.002 at low temperature concludes that the singly occupied mo-
lecular orbital (SOMO) is principally Ni-based. Moreover, the computa-
tional analysis of the spin density at DFT level with the wB97X-D
functional indicates the radical localized at the Ni center (Fig. 2C), more
details are deposited in Supporting information).

2.4. Electrochemical catalysis

Our further electrochemical investigations on catalysts 1 and 2 in the
presence of benzyl halides, showed clear indication of catalysis. Addition
of benzyl chloride (BnCl) in the electrolytic solution containing 1.0
mmol/L of catalyst 1 showed a gradual increase of catalytic current (up to
20.0 mmol/L of substrate addition). The onset potential in this case
(�2.07 V vs. Fcþ/0) overlays with the NiI/0 process (Fig. 4A), strongly
suggesting that the Ni0 state could catalyze the homocoupling of BnCl,
independent of the NiII/I process. Very interestingly, in the presence of
benzyl bromide (BnBr), a large electrocatalytic current was observed
with an earlier onset potential at �1.38 V vs. Fcþ/0 (Fig. 4B), indicating
that NiI state is the active species to catalyze the homocoupling of BnBr,
in sharp contrast to that for BnCl. In this context, it is worthy to mention
that, the difference in onset reduction potentials (0.69 V vs. Fcþ/Fc)
between BnCl and BnBr is comparable to that of direct electrochemical
reduction of these substrates at a GC electrode in MeCN (0.45 V vs. SCE)
[57]. The catalytic current (icat) shows a linear correlation with the
concentration of catalyst (Fig. S15 in Supporting information), which

Fig. 1. Crystal structure of 1. Solvent molecule and all the hydrogen atoms
(except of the NH moiety have been omitted for clarity). Selected bond lengths
(Å) and bond angles (�): Ni1–P1, 2.195(2); Ni1– P2, 2.216(2); Ni1–N1, 1.888(6);
Ni1–Cl1, 2.162(2); N–H, 0.86(9), 0.94(10); N1–Ni1–Cl1, 178.0(2); P1–Ni1–P2,
171.25(8); N1–Ni1–P1, 85.6(2); P1–Ni1–Cl1, 92.42(8); P2–Ni1–Cl1, 96.33(8);
N1–Ni1–P2, 85.7(2).

Scheme 1. Proposed mechanism for C–C homocoupling reactions by
POCOP–Ni complexes.
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confirms that the catalytic process is mononuclear.
Complex 2 exhibits a large electrocatalytic current in the presence of

BnBr with an onset potential at �1.48 V vs. Fcþ/0 (Fig. 4D), close to the
redox couple NiII/I. However, in the presence of BnCl, no enhancement of
current was observed with further scanning of reduction potential
(Fig. 4C). These observations imply that Ni0 oxidation state is essential to
catalyze the homocoupling reaction of BnCl. The catalysis is absent for
blank GC electrode at 10 mmol/L substrate in electrolytic solution
without catalyst (Fig. 4, black line).

The catalytic rate to form the homocoupling product with Ni0 or NiI

states for benzyl halides can be determined if icat/ip are analyzed at a
fixed substrate concentration (20.0 mmol/L), where the catalytic current
plateaus. The pseudo-first order rate of the catalysis is determined by the

equation: icat/ip ¼ 0.72 (k[substrate]/ν)1/2 (see Supporting information
for details) [58], where icat is the peak current of catalysis in the presence
of the substrate, ip is the peak current of NiI and Ni0 species without the
substrate obtained from the CV data, ν is the scan rate in V/s, and ncat ¼ 2
is the number of electrons transferred in each catalytic cycle (Table 2).
The TOF for BnCl to C–C coupling product was determined from the scan
rate dependence study and was found to be 0.43 s�1 (Fig. 5A and Fig. S16
in Supporting information) with a rate constant of 17.0 L mol�1 s�1

(Figs. S17 and S18 in Supporting information). Changing the substrate to
BnBr resulted in an increase in TOF to 19.5 s�1 (Fig. 5B and Fig. S19 in
Supporting information) with a rate constant of 1642 L mol�1 s�1

(Figs. S20 and S21 in Supporting information) for catalyst 1. Similar
method is applied for catalyst 2 (Figs. S22-S24 in Supporting
information).

2.5. Controlled potential electrolysis and substrate scope

Controlled potential electrolysis at �1.1 V vs. Ag/AgCl on a graphite
electrode was examined with 1.0 mmol/L catalyst loading along with
BnBr (10.0 mmol/L, 0.13 mmol) (Fig. S25 in Supporting information).
After 3 h of electrolysis, the current slightly decreased but maintained a
steady state value, consistent with the consumption of the substrate.
Bibenzyl formed in 81% isolated yield after bulk-electrolysis (confirmed
by 1H NMR, Fig. S26 in Supporting information), with a Faradaic yield of
98%. For BnCl and derivatives, the electrolysis was carried out at �1.7 V
vs. Ag/AgCl for 3 h (Fig. S27 in Supporting information). The stability of
our Ni catalyst was checked before and after the controlled potential
electrolysis by 31P NMR, HR-MS and UV–vis spectroscopy (Figs. S28-S30
in Supporting information). Electrodes including glassy carbon (GC) after
multiple CVs gave no catalytic response in a fresh, catalyst-free electro-
lyte in DMF, suggesting no catalyst deposition on the surface of GC under
these electrochemical conditions. After 3 h of electrolysis with graphite
rod electrode, no catalyst decay was observed, indicating a robust nature

Fig. 2. (A) Cyclic voltammogram of complexes 1, 2 and 3 in DMF (1.0 mmol/L of complex, scan rate: 10 mV/s, glassy carbon electrode (GC, diameter 3 mm) as a
working electrode, Pt-wire as a counter electrode, Ag/AgCl as a reference electrode, ferrocene used as an internal standard, 0.1 mol/L nBu4NPF6 as a supporting
electrolyte). All formal potentials were taken as the average of anodic and cathodic peak potentials and are reported vs the ferrocinium/ferrocene couple (Fcþ/0) which
was consistently measured as þ0.56 V vs. Ag/AgCl in DMF. (B) X-band EPR spectrum of NiI complex in acetone at 100 K. (C) Spin density plot for 1 obtained from a
Mulliken population analysis in a full-molecule gas phase DFT calculation at the wB97X-D/6-31G(d) level applying UltraFine integration grid.

Scheme 2. Preparation of NiII cationic complex and neutral NiI complex via electrochemical or chemical reduction with cobaltocene.

Fig. 3. Crystal structure of 3. Solvent molecule(s) and all the hydrogen atoms
(except of the NH moiety have been omitted for clarity). Selected bond lengths
(Å) and bond angles (�): Ni1–P1, 2.2042(10); Ni1–P2, 2.2030(11); Ni1–N1,
1.905(3); Ni1–Cl1, 2.1685(12); N–H, 0.79(5), 0.90(5); N1–Ni1–Cl1, 179.57(10);
P1–Ni1–P2, 171.81(4); N1–Ni1–P1, 85.76(9); P1–Ni1–Cl1, 94.67(4);
P2–Ni1–Cl1, 93.44(4); N1–Ni1–P2, 86.13(9).
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of the catalyst. Indeed, even with the increasing initial substrate con-
centration (50.0 mmol/L), no obvious decay was detected after 14 h of
electrolysis. However, the optical data shows a significant decomposition
of 2 after 3 h of electrolysis in the presence of substrate (Fig. S31 in
Supporting information). Accordingly, a series of substrates were further
studied. A significant improvement in yields was observed when the
substrate was changed from BnCl to BnBr under similar conditions
(Table S3 in Supporting information). After electrolysis for 15 h in the
presence of BnCl, the yield of coupling product reached 90%, consistent
with experimental results with zinc dust.

2.6. Mechanistic elucidation

From the detailed analysis of the cyclic voltammogram and chro-
noamperometry of 1, evidently PN3P ligand must stabilize the low-valent
Ni species, which is necessary for the C-X bond activation of substrate.
Based on these observations, a catalytic cycle for the coupling reaction
was proposed (Fig. 6A). The low-valent Ni species (Ni0 or NiI for BnCl and
BnBr, respectively) is generated at the cathode at a respective potential
which reacts with benzyl halides and abstract a halogen atom from the
benzyl halide molecule to cleave the C-X bond to afford a NiI or NiII in-
termediate along with a benzyl radical which dimerizes to form bibenzyl
[59]. The resulting high valent Ni species immediately take one electron
from the electrode with loss of a halide ion to regenerate the low-valent

catalyst to continue the catalytic cycle. Additionally stoichiometric
treatment of 4 with BnBr at room temperature results in complete con-
version to bibenzyl within 5 min. In sharp contrast, performing the re-
action with BnCl did not generate the coupling product. The proposed
mechanism is also supported by the trapping experiment of the benzyl
radical with TEMPO (Fig. 6B). No bibenzyl product was observed, but
TEMPO-Bn (Fig. S32 in Supporting information) [60].

3. Conclusions

In conclusion, we have unambiguously elucidated the role of NiI and
Ni0 for successive homocoupling of benzyl bromides and benzyl chlo-
rides. For the first time, two different formal oxidation states of the
catalytically active Ni species (0 and þ1) were determined for BnCl and
BnBr, presumably due to different bond strengths of C-X bonds. Alter-
natively, it is also possible that in the case of BnCl, a more reduced Ni
species (Ni0) is required to facilitate electron transfer in order to cleave
C–Cl bond. Accordingly, higher yields of the homo-coupling products
from BnBr and derivatives were achieved when the reaction time of
electrolysis was restricted to 3 h. Our findings show that catalyst 1
containing PN3P-ligand is an incredibly effective catalyst for the homo-
coupling reactions. The onset potential for the coupling reaction of
catalyst 1, in the presence of BnBr, is less negative than catalyst 2. CV
experiments confirmed that NiI/0 redox couple was not observed under

Table 1
Selected EPR parameters and effective magnetic moments μeff of complex 4.

Complex gx, gy, gza giso Axx (G)a Ayy (G)a Azz (G)a μeff (μB)b

4 2.22, 2.11, 2.02 2.12 Axx
P ¼ 51.0 Ayy

P ¼ 63.5
Ayy
Cl ¼ 15.3 Ayy

N ¼ 9.2
Azz
P ¼ 73.1

Azz
Cl ¼ 17.4 Azz

N ¼ 10.7
1.84

Axx
Cl ¼ 10.7

Axx
N ¼ 7.8

a From simulated spectra.
b Evans method, acetone-d6 solvent, 298 K.

Fig. 4. Overlay of the CVs at different concentration of substrate in DMF (scan rate: 0.1 V/s), GC working electrode, Pt-wire as a counter electrode, Ag/AgCl as a
reference electrode, 0.1 mol/L nBu4NPF6 as a supporting electrolyte. (A–D) represents homocoupling electrocatalysis of 1 and 2 with different substrate concentration
and black line represent blank GC electrode with 10.0 mmol/L substrate concentration without catalyst in 0.1 mol/L electrolytic solution.

P.K. Das et al. Green Synthesis and Catalysis 1 (2020) 143–149

146



electrochemical condition for catalyst 2, not catalyze the coupling reac-
tion of BnCl. Above all observations of the PN3P system indicate its
distinct kinetic and thermodynamic properties compared to their POCOP
analogs. We have further demonstrated the reaction kinetics and mech-
anism. Our finding reveals a strong ligand effect on the reactivity and
selectivity of the reaction. Investigations on the potential applications for
other classes of substrates are currently ongoing and will be reported in
due course.

4. Experimental

4.1. General methods

All experiments with metal complexes and phosphine ligands were
performed under an argon atmosphere in a glovebox or using standard
Schlenk techniques. All the solvents were purified before use. For C–C
coupling reaction, all the substrate were degassed before use. Column
chromatography purifications were performed by flash chromatography
using Merck silica gel 60. All other reagents were used as received. 1H,
13C, and 31P NMR spectra were recorded using Bruker AVIII 400, AVIII
500 or AVIII 600 spectrometers. EPR spectra was recorded using X-band
continuous wave Bruker EMX PLUS spectrometer (BrukerBioSpin,
Rheinstetten, Germany) equipped with standard resonator for high
sensitivity CW-EPR operating with a microwave frequency. A typical
Evans measurement was done in a coaxial tube containing the solvent
and the internal standard. The absorption spectra were measured in an
Agilent 8453 UV–visible spectrophotometer. Chemical shifts in 1H NMR
and 13C NMR were reported in parts per million (ppm). The residual

solvent peak was used as an internal reference: 1H NMR (DMSO-d5 in
DMSO‑d6, δ 2.54, chloroform in CDCl3 7.26) and 13C NMR (DMSO‑d6, δ
40.45). 31P NMR chemical shifts are reported in parts per million
downfield from H3PO4 and referenced to an external 85% solution of
phosphoric acid in D2O. Multiplicity was indicated as follows: s (singlet),
d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet), br s
(broad singlet). Coupling constants were reported in hertz (Hz).
Elemental analyses were performed at the KAUST analytical core lab
using a Flash 2000d Thermo Scientific CHNS Analyzer. PN3P ligand was
synthesized using reported procedure [61].

4.2. Synthesis

4.2.1. Synthesis of complex 1
The PN3P ligand (1.00 g, 2.50 mmol) was weighed in a Schlenk flask

along with NiCl2 (596 mg, 2.50 mmol), 15.0 mL of dry THF was added,
and the solution was stirred overnight. Orange product insoluble in THF
was obtained after drying off the solvent under vacuum. It was then
washed with THF. Crystallization was done by dissolving orange product
in MeOH. Orange solid; 70% yield. 1H NMR (600 MHz, DMSO‑d6): 7.60
(t, 1H, J ¼ 12 Hz), 7.24 (m, 2H), 6.44 (d, 2H), 3.60 (t, 3H, J ¼ 12 Hz),
3.36 (s, 12H), 2.30 (s, 1H), 1.51 (t, 36H, J ¼ 12 Hz); 13C NMR (151 MHz,
DMSO‑d6): 162.6 (t, N

–

–C–NH), 141.7 (s, pyridine ring carbon), 97.9 (d,
pyridine ring carbon), 34.1 (d, (CH3)3–C), 28.3 (d, (CH3)3–C); 31P NMR
(242.93 MHz, DMSO‑d6): 99.03 (s); HRMS (ESI): calcd. for
C21H41N3P2Cl1Ni, m/z 491.18, found 491.189. Anal. Calcd. for
C21H41N3P2Cl2Ni: C, 47.85; H, 7.84; N, 7.97. Found: C, 47.80; H, 7.81; N,
7.95. UV–vis (THF, [1 � 10�4]), λmax, nm (ε, L mol�1 cm�1): 277 (3568),
324 (12,144), 357 (3896), 464 (914).

4.2.2. Synthesis of cationic complex 3
To a solution of 1 (50 mg, 0.094 mmol) in 10 mL of dry THF in glo-

vebox at room temperature was added sodium tetraphenylborate (32.5
mg, 1.00 equiv.), and the solution was stirred for 1 h. Then, the solution
was filtered through a small Celite plug and concentrated under reduced
pressure to afford orange solid (73 mg, 95%). Complex show broadened
signals for tBu groups of the ligand arm in the 1H NMR spectra due to
hindered rotation. Orange solid; 70% yield. 1H NMR (400 MHz, CD3OD):
7.32 (br), 6.98 (br), 6.83 (br), 6.30 (br), 3.75 (br), 3.33 (br), 1.88 (br),
1.56 (br); 13C NMR (125.75 MHz, CD3OD): 163.80 (m, BPh4), 142.46 (s,
N
–

–C–NH), 135.39 (s, pyridine ring carbon), 121.37 (s, BPh4), 125.15 (s,
BPh4), 97.95 (s, pyridine ring carbon), 27.39 (s, (CH3)3–C), 24.99 (s,
(CH3)3–C); 31P NMR (202.45 MHz, CD3OD): 98.72 (s); Anal. Calcd. for
C45H61N3P2Cl1B1Ni: C, 66.65; H, 7.58; N, 5.18. Found: C, 66.60; H, 7.50;
N, 5.10. UV–vis (THF, [1 � 10�4]), λmax, nm (ε, L mol�1 cm�1): 267 (sh,

Table 2
Relative rates, yield of coupling reaction in a DMF solution of nBu4NPF6 (100.0
mmol/L) and catalytic onset potential of the catalyst at 0.2 mA/cm2.

Substrate Eonset
(V)a

TOF
(s–1)b

k (x 102) (L
mol–1 s–1)

Rate (x 10–3)
(mol L–1 s–1)

Yield
(%)c

BnCl1 �2.07 0.43 0.17 0.34 52
BnBr1 �1.38 19.50 16.42 32.80 81
BnCl2 ̶ ̶ ̶ ̶ ̶
BnBr2 �1.48 60.00 64.80 130.10 84

a Eonset: catalytic onset potential at 0.2 mA/cm2 at 20.0 mmol/L substrate
concentration.

b TOF was measured at 20.0 mmol/L substrate concentration.
c Yields calculated by NMR using internal standard mesitylene after 3 h of bulk

electrolysis.

Fig. 5. Plot of the ratio of the catalytic current at �2.06 V (left) and �1.40 V (right) vs. Fcþ/0, icat, to the reductive peak current for the NiI/0 (left) and NiII/I (right)
wave, ip, vs. v�1/2 (see text).
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10,626), 274 (sh, 8023), 291 (sh, 5292) 317 (13,077), 353 (5278), 467
(1530).

4.2.3. Synthesis of complex 4
Method 1: Chemical reduction using CoCp2. To a solution of 3 (20mg,

0.024 mmol) in dry THF was added cobaltocene (5 mg, 1.00 equiv.) at
room temperature. The solution turns red, and after 2 h of stirring, the
mixture was filtered through a Celite plug. The THF was evaporated to
afford a red solid (8.9 mg, 80% yield). Complex in dry acetone was
characterized by EPR spectroscopy (see main text). 1H NMR (600 MHz,
C6D6): 8.09 (br s), 5.96 (br s), 1.12 (br t), �50.83 (br s). UV–vis (THF, [1
� 10�4]), λmax, nm (ε, L mol�1 cm�1): 275 (sh, 15,755), 321 (sh, 11,199),
342 (13,410), 397 (2638), 470 (1112); Method 2: Generation of NiI

complex by electrochemical reduction. NiI complex was prepared via
controlled potential electrolysis at �1.55 V vs. Fcþ/0 in acetonitrile. A
constant voltage was applied using graphite rod working electrode, a
platinum wire counter electrode and an Ag/AgCl/1 mol/L KCl reference
electrode to orange solution of 3 (1.0mmol/L of complex using 0.1 mol/L
nBu4NPF6 as the electrolyte in dry and degassed CH3CN). The voltage was
applied for half an hour until the current measures was less than 1% of
the starting current. At this point, the solution had become red. The
nature of the product formed was confirmed by comparing its low-
temperature EPR spectra and g tensor values with those from the
chemically reduced 4.

4.3. Spectroelectrochemistry of 1

The change in the oxidation states of complex 1 in organic media was
investigated via spectroelectrochemical technique. Chronocoulometric
experiments were performed on compound 1, where it was reduced
electrochemically at �1.60 V vs. Fcþ/0 over time, and the gradual change
in its optical spectra was monitored. The electrochemical reductions
were performed at a slightly cathodic direction compared to the reduc-
tion peak maxima to ensure the complete reduction during
chronocoulometry.

4.4. Bulk electrolysis experiments

The bulk electrolysis experiments of complexes 1 and 2 were per-
formed in a four-neck glass vessel (volume 10 mL including the head-
space) where three of the necks were occupied with a coiled Pt wire as
counter electrode, Ag/AgCl (in saturated KCl) as a reference electrode,
and a carbon rod (surface area 1.7 cm2) as working electrode, respec-
tively. The last of the necks was connected with argon flow tubing.
During the experiment, 10 mL of complexes (1.0 mmol/L catalyst, 10.0
mmol/L substrate) were added in the vessel, all the electrodes (along
with a magnetic bead) were inserted along with a rubber septum cap (in a
gastight manner), and the solution was purged with argon for 30 min.
Then, the purging was stopped and the chronocoulometric experiment

was started at corresponding catalytic potentials (�1.1 V vs. Ag/AgCl for
complex 1 in the presence of BnBr). The solution was continuously stirred
with a magnetic stirrer during the experiment.
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