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Republic, Heyrovský Sq. 2, 16206 Prague 6,

† Electronic supplementary informatio
crystallography, MS, and computational
1969669, 1969670, 1969671, for [Ni(P,P)C
I2], respectively. For ESI and crystallogr
format see DOI: 10.1039/d1ra04572e

Cite this: RSC Adv., 2022, 12, 2227

Received 13th June 2021
Accepted 24th December 2021

DOI: 10.1039/d1ra04572e

rsc.li/rsc-advances

© 2022 The Author(s). Published by
logenido ligands on the Kumada-
coupling catalytic activity of [Ni{tBuN(PPh2)2-k

2P}
X2], X ¼ Cl, Br, I, complexes†
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Novel nickel(II) complexes bearing (tbutyl)bis(diphenylphosphanyl)amine and different halogenido ligands,

[Ni(P,P)X2] ¼ [Ni{tBuN(PPh2)2-k
2P}X2], (X ¼ Cl, Br, I) are prepared, characterized by IR and NMR

spectroscopy, mass spectrometry and X-ray crystallography, and tested as catalysts in the Kumada

cross-coupling reaction of model substituted iodobenzenes and p-tolylmagnesium bromide. The data

obtained together with DFT calculations indicate that these new catalysts operate in the Ni(I)–Ni(III)

mode. The highest catalytic activity and selectivity are exhibited by [Ni(P,P)Cl2], which is most easily

reduced by the used Grignard reagent to the Ni(I) state. This process is much more energy demanding in

the case of the bromido and iodido complexes, causing the appearance of the induction period. [Ni(P,P)

Cl2] is also very active in the cross-couplings of substrates with iodine atoms sterically shielded by ortho

substituents. The data obtained are in good accordance with the described positive effect of the

increased electron-releasing power of N-substituents R0 on the overall catalytic performance of [Ni

{R0N(PPh2)2-k
2P}X2] complexes.
In recent years, the chemical and catalytic properties of transi-
tion metal complexes bearing N-functionalized bis(diphenyl-
phosphanyl)amine ligands, R0N(PPh2)2, have been under
consideration.1,2 For instance, chromium complexes with this
type of ligand are known to oligomerize various olens.3–8 In
addition, a large number of [M{R0N(PPh2)2-k

2P}X2] complex-
es, M ¼ Ni, Pd, Pt; X ¼ Cl, Br, I (see Scheme 1), exhibiting small
P–M–P bite angles, were recently reviewed.2 Selected palladiu-
m(II) complexes bearing X ¼ Cl,9–14 Br,14,15 I,14,16 catalyze the
Suzuki–Miyaura andHeck coupling reactions. Some structurally
characterized Ni(II) analogous complexes bearing X ¼ Cl,17–28
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aphic data in CIF or other electronic
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Br,18,29–37 I,18,36,38 catalyze polymerization of norbornene20,21 or
oligomerization (X ¼ Br,32,34 I,38) and polymerization (X ¼ Br29)
of ethene. It should be stressed that nickel(II) complexes of this
family are only moderately active catalysts in the Suzuki–
Miyaura reaction.35 On the other hand, they exhibit a consider-
able catalytic activity and acceptable selectivity in the Kumada
coupling reaction.23,35

Kumada coupling is one of the most important C–C coupling
reactions39 for a wide range of purposes, including pharma-
ceutical applications.40 Although palladium-based complexes
are mostly the rst choice catalysts for this coupling,41–43

complexes of other transition metals such as iron,44,45 and
nickel46,47 are also used. We have already investigated the cata-
lytic activity of [Ni{R0N(PPh2)2-k

2P}X2], R0 ¼ (S)-CHMePh; X¼ Cl,
Br,35 and R0 ¼ (CH2)3Si(OMe)3; X ¼ Cl,23 in homogeneous
systems to extend the scope of nickel(II) catalysts in this
Scheme 1 General structure of the studied complexes [M(P,P)X2], M¼
Ni, Pd, Pt; X ¼ Cl, Br, I; R' ¼ ((S)-CHMePh), (CH2)3Si(OCH3)3,

tBu.
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Scheme 2 Synthesis of complexes [Ni(P,P)X2], DME ¼ 1,2-
dimethoxyethane.

Table 1 Bond distances (Å) and angles (�) of studied complexes

Bonds [Ni(P,P)Cl2]$2CH2Cl2 [Ni(P,P)Br2] [Ni(P,P)I2]

Ni1–X1 2.2020 (6) 2.3404 (5) 2.5173 (2)
Ni1–X2 2.2098 (6) 2.3398 (5) 2.5132 (2)
Ni1–P2 2.1232 (6) 2.1221 (9) 2.1368 (4)
Ni1–P1 2.1246 (6) 2.1347 (10) 2.1333 (4)
P1–N1 1.7127 (19) 1.711 (3) 1.7181 (13)
P1–C1 1.808 (2) 1.815 (3) 1.8138 (16)
P1–C7 1.818 (2) 1.809 (3) 1.8078 (15)
P2–N1 1.7045 (19) 1.709 (3) 1.7096 (13)
P2–C13 1.811 (2) 1.811 (3) 1.8142 (16)
P2–C19 1.816 (2) 1.806 (3) 1.8139 (16)
Cl1–Ni1–X2 98.64 (2) 98.30 (2) 98.621 (7)
P1–Ni1–X1 92.42 (2) 95.77 (3) 93.389 (13)
P2–Ni1–X1 165.62 (2) 167.35 (3) 166.932 (14)
P2–Ni1–X2 95.73 (2) 93.35 (3) 94.313 (13)
P1–Ni1–X2 167.57 (3) 164.52 (3) 167.918 (14)
P2–Ni1–P1 73.32 (2) 73.29 (4) 73.731 (16)
N1–P1–Ni1 95.22 (7) 95.11 (10) 94.58 (5)
P2–N1–P1 95.84 (10) 95.95 (15) 96.73 (7)
N1–P2–Ni1 95.52 (7) 95.65 (10) 94.70 (5)
N1–P1–C1 111.39 (10) 111.36 (16) 111.46 (7)
N1–P1–C7 112.07 (10) 110.15 (16) 110.53 (7)
C1–P1–C7 107.38 (12) 105.69 (16) 107.06 (7)
C1–P1–Ni1 114.47 (8) 112.76 (13) 117.10 (5)
C7–P1–Ni1 116.02 (8) 121.43 (12) 115.62 (5)
N1–P2–C13 110.78 (10) 111.45 (15) 109.67 (7)
N1–P2–C19 110.79 (10) 111.20 (16) 110.20 (7)
C13–P2–C19 106.96 (11) 106.08 (16) 107.09 (7)
C13–P2–Ni1 116.70 (8) 118.88 (12) 116.72 (5)
C19–P2–Ni1 115.68 (8) 113.38 (12) 117.68 (5)
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reaction. The latter catalyst has also been anchored onto mes-
oporous molecular sieves, thus providing an active hetero-
genized catalyst.23 In homogeneous catalytic reactions, both
catalysts bearing R0 ¼ (S)-CHMePh) showed a substrate
conversion (68% for X ¼ Cl and 63% for X ¼ Br),35 signicantly
2228 | RSC Adv., 2022, 12, 2227–2236
lower compared to that of the catalyst with R0 ¼ (CH2)3Si(OMe)3
and X ¼ Cl (79%).23 These results suggested that the increased
electronegativity of coordinated halogenido ligands and the
increased electron-donating power of the R0 moiety have posi-
tive effects on the catalytic efficiency of this type of nickel(II)
complexes. In the work presented herein, the effects exerted by
the identity of halogenido ligands X� and the R0 moiety on
catalytic activity and selectivity were further assessed by
exploring three novel complexes, [Ni{tBuN(PPh2)2-k

2P}X2], X ¼
Cl, Br, I, henceforth referred to as [Ni(P,P)X2], bearing the
strongly electron-releasing tbutyl (tBu) group as R0.
Results and discussion
Synthesis, spectroscopic and mass spectrometric
characterization of nickel(II) complexes

Complexes [Ni(P,P)X2], X ¼ Cl, Br were prepared by mixing
equimolar amounts of tBuN(PPh2)2 ligand48 with a dichloro-
methane solution of [Ni(PPh3)2Cl2] or [Ni(DME)Br2] (DME¼ 1,2-
dimethoxyethane), respectively (see Scheme 2). Complex
[Ni(P,P)I2] was prepared by adding a four-fold stoichiometric
excess of NaI to complex [Ni(P,P)Cl2], in acetone, to replace the
chlorido ligand by iodide (Scheme 2). The three complexes were
characterized by IR, UV/vis and 1H, 13C and 31P NMR spectros-
copy, mass spectrometry, as well as by UV/vis spectroscopy (see
spectra in ESI†).

The 31P NMR spectra of complexes [Ni(P,P)X2], X ¼ Cl, Br, I,
each exhibits a singlet at d 46.6, 53.0 and 63.7 ppm, respectively,
due to their coordinated (P,P) ¼ tBuN(PPh2)2 ligand. The signal
of the free ligand at d 57.8 ppm48 is absent in all spectra. These
observations demonstrate that, in all complexes, the ligand is
coordinated to nickel(II) via both Phosphorus atoms that are
equivalent to each other, in agreement with recently reported
data on the analogous [Pd(P,P)X2] complexes.14 In addition, the
spectra monitored during the six-month storage of samples did
not show any signicant change, which conrmed the long-
term stability of all three complexes when exposed to air at
room temperature. 13C NMR spectra are affected by the pres-
ence of paramagnetic impurities formed in the presence of the
air and moisture. It should be stressed that the amount of
impurities affected only the 13C NMR line shape.

The broadening of 13C NMR lines remained constant for at
least six months, conrming the sufficient stability of all
complexes in the environment.

Based on the comparison with similar [Ni{R0N(PPh2)2-k
2P}

X2] complexes reported in the literature,17–38 as well as with the
corresponding [Pd(P,P)X2] complexes,14 the IR bands of [Ni(P,P)
X2], occurring at 1437, 1433 and 1437 cm�1 for X ¼ Cl, Br and I,
respectively, should be assigned to the n(P–Ph) stretching
modes, whereas the band occurring uniformly at 868 cm�1 is
assigned to the n(P–N–P) stretching mode. These data indicate
nearly identical conformation of the P–N–P backbone of the
ligand in all three complexes, as conrmed by X-ray crystallog-
raphy analysis (vide infra).

The LDI-MS spectra of the [Ni(P,P)X2] samples (see ESI†)
contain molecular peaks at 592.09, 679.98, and 775.95 Da (for X
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Molecular structure of [Ni(P,P)Cl2]$2CH2Cl2 (hydrogen
atoms are omitted for clarity). (B) Overlapped mode presentations of
the chlorido (blue), bromido (red) and iodido (green) complexes.

Scheme 3 Substrates, reagent, catalyst and key products of the per-
formed catalytic tests (1 mmol of iododerivative, 1.2 mmol of the
Grignard reagent T, 1 mol% of [Ni(P,P)X2], 3 mL THF), 25 �C.

Fig. 2 Results of catalytic test of [Ni(P,P)X2] complexes in Kumada
coupling of 4-tBu substratewith Grignard reagent T. YCROSS and YHOMO

stands for the yield of cross-coupling and homo-coupling product,
respectively.
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¼ Cl, Br, I, respectively) that correspond to the structures
ionized with Na+ ion.

The respective masses observed at 534.13, 578.07, and
626.05 Da correspond to the charged molecular fragments
© 2022 The Author(s). Published by the Royal Society of Chemistry
formed by a loss of one halogenido ligand during the ionization
process.

X-ray crystallography

Single crystals suitable for X-ray crystallographic studies of
[Ni(P,P)X2] were obtained by the layering method employing
a CH2Cl2/n-hexane (1 : 3 by vol.) solvent system. Selected bond
lengths and angles are listed in Table 1. As can be seen in Fig. 1,
the chlorido complex crystallized in the P212121 space group as
disolvate [Ni(P,P)Cl2]$2CH2Cl2 (Fig. 1A), while the bromido and
iodido complexes crystallized as pure substances in the P21cn
and P21/c space group, respectively. The structure of the [Ni(P,P)
X2], X ¼ Cl, Br, complexes is shown in Fig. S13 (ESI†). The
overlapped crystal-structure representations of molecules of the
three complexes indicate a high structural similarity (Fig. 1B).

Individual molecules of all three complexes exhibit a nearly
square planar geometry of their NiP2X2 core units (with the Ni
atom in the center) (Fig. 1). The NiP2X2 core shows a mean
deviation from the best plane dened by the Ni, P and X atoms
equal to 0.0598 Å for X ¼ Cl, 0.1086 Å for X ¼ Br, and 0.0311 Å
for X ¼ I, with the P1 atom exhibiting the largest deviation
(�0.0809 Å for X ¼ Cl and �0.1408 Å for X ¼ Br), and the P2
atom (�0.0417 Å) for X ¼ I. The NiP2X2 core is slightly tetra-
hedrally distorted, with the X1–Ni–X2 and P1–Ni–P2 planes
exhibiting a dihedral angle of 6.06�, 9.59�, and 2.67� for X ¼ Cl,
Br, and I, respectively.49 The nickel(II) center is coordinated to
the (P,P) chelating ligand, forming a four-membered Ni–P–N–P
ring. The mean deviation from the best plane dened by all four
atoms is 0.0187 Å, 0.0065 Å and 0.0314 Å for X ¼ Cl, Br and I,
respectively.

The Ni–P and Ni–X bond lengths, as well as the P–Ni–P
endocyclic angles of [Ni(P,P)X2], X ¼ Cl, Br, I complexes (73.32�,
73.29� and 73.73�, respectively, Table 1) are typical of [Ni
{R0N(PPh2)2-k

2P}X2] complexes reported in the literature.17–38

The narrow range of the observed endocyclic bite P–Ni–P angles
is attributed to the formation of the four-membered Ni–P–N–P
ring. The P1–N–P2 angles of the three complexes are also
similar (Table 1), conrming the proposed similar conforma-
tion of their P–N–P backbone based on the conserved n(P–N–P)
IR transitions of the three complexes (868 cm�1, vide supra). As
expected, the Ni–X bond lengths of [Ni(P,P)X2] increase with the
increasing size of the halogen atom X, whereas the respective
Ni–P bond lengths remain rather conserved (Table 1).

Catalytic activity of [Ni(P,P)X2] in Kumada cross-coupling

The catalytic activity of new complexes in Kumada coupling was
tested using 4-(tbutyl)-1-iodobenzene (4-tBu) as the substrate
and p-tolylmagnesium bromide (T) as the reagent (Scheme 3).
Grignard reagent T was used in a stoichiometric excess of 20%
to compensate for the decay of T due to its homo-coupling
caused by traces of oxygen. (Up to 12% homocoupling of the
product: 4,40-dimethylbiphenyl, was detected even in the
supplied reagents).

Experimental data indicating the effect of halogenido ligand
on the catalytic activity of [Ni(P,P)X2] complexes are presented
in Fig. 4. As can be seen, [Ni(P,P)Cl2] showed not only clearly the
RSC Adv., 2022, 12, 2227–2236 | 2229
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Fig. 3 Results of Kumada coupling tests carried out with the most
active catalyst [Ni(P,P)Cl2] and substrates differing in the extent of
shielding of the iodine atom of the substrate. Numerical data are
presented in Table S2 (ESI†).

Fig. 4 UV/vis spectral changes due to the addition of 4-tBu and T (A)
and T and 4-tBu (B) to a THF solution of [Ni(P,P)Cl2]. In A and B, the
curves [Ni(P,P)Cl2] + 4-tBu, and [Ni(P,P)Cl2] + T + 4-tBu, respectively,
were graphically shifted along Y-axis to prevent overlapping.

Table 2 Data for reactions of 4-tBu with T catalyzed by [Ni
{R0N(PPh2)2-k

2P}X2] complexes with a different N-substituent R0

group. YCROSS and YHOMO stand for the substrate conversion by cross-
coupling and homo-coupling, respectively

R0

group/
(CH2)3Si(OMe)3 X
¼ Cl23

(S)-CHMePh X ¼
Cl35

(S)-CHMePh X ¼
Br35

t,
min YCROSS% YHOMO% YCROSS% YHOMO% YCROSS% YHOMO%

60 64 14 48 20 42 20
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highest initial and overall (nal) yield of the cross-coupling
product, YCROSS, but also high product selectivity. Further, it
is seen that the bromido and iodido complexes showed a very
low initial activity (YCROSS of 1%), but a reasonably high nal
yield (YCROSS of 60–65%), albeit signicantly lower compared to
[Ni(P,P)Cl2] (90%). Such data indicate a difficult start of prop-
agation (the presence of an induction period) but a reasonably
long lifetime of the active species (vide infra).

A nearly constant yield of the substrate homo-coupling
product, YHOMO, up to 2% occurred in all experiments. This
2230 | RSC Adv., 2022, 12, 2227–2236
side product most likely resulted from the Ullmann type reac-
tion that took place during degassing of the mixed solutions of
substrate and catalyst before adding the Grignard reagent T.
Nickel compounds are well known to catalyze Ullmann-type
reactions.50–52

The observed difference in the catalytic activity [Ni(P,P)Cl2]
and its bromido and iodido counterparts underscores the role
of the halogenido ligands in the catalytic activity of nickel(II)
complexes. Therefore, the catalytically most active complex
[Ni(P,P)Cl2] was in addition tested in couplings of T with
substrates in which the reacting iodine atom is sterically
hindered by one or two methyl groups in ortho positions (see
Scheme 3). These experiments were aimed to assess how this
shielding affects the catalytic activity and product selectivity of
the catalyst. As can be seen in Fig. 3, the increase in iodine atom
shielding signicantly but not substantially decreased the
cross-coupling conversion (YCROSS) and increased the substrate
homo-coupling conversion (YHOMO). Interestingly, the nal total
substrate conversion was nearly the same (YCROSS + YHOMO ¼ 90
� 2%) for all three substrates, regardless of shielding (see also
Tables S1 and S2 in the ESI†).

Useful information for understanding the mechanism of the
catalytic action of Ni(PNP) complexes provides the comparison
of the data shown in Fig. 2 with literature data (see Table 2). The
literature data show that [Ni(P,P)X2] complexes bearing R'¼ tBu
exhibit a signicantly higher catalytic efficiency and selectivity
in the Kumada cross-coupling as compared to the earlier re-
ported [Ni{R0N(PPh2)2-k

2P}X2] complexes with different N-
substituents R0. The chlorido complex with R0 ¼ (CH2)3Si(OMe)3
showed an overall activity (YCROSS z 64%) comparable to that of
[Ni(P,P)X2], X ¼ Br, I, but signicantly lower cross-coupling
selectivity (YHOMO z 13% vs. 2%, respectively). The X ¼ Cl, Br
complexes with R0 ¼ (S)-CHMePh showed lower activity (YCROSS
of 48 and 42%, respectively) as well as selectivity (YHOMO z
20%). These data pointed to the important role of the N-
substituent (R0 group) of the (P,P) ligand. The electron-donating
power of the N-substituents decreases in the sequence: tBu >
(CH2)3Si(OMe)3 > (S)-CHMePh. The data presented in Fig. 2 and
3 and Table 2 show that the catalytic activity and selectivity
decrease in the same order. Hence it is clear that the increased
electron-releasing power of the N-substituent in [Ni(P,P)Cl2]
increases its catalytic activity and selectivity in the Kumada
cross-coupling reactions of aromatic compounds. The reason
for this observation might be that electron density released by
the tBu group towards the nickel(II) center facilitates the
oxidative addition step of the overall reaction mechanism.
Mechanistic considerations

In an effort to probe the operative mechanism, the following
experiments were carried out. Specically, to a THF solution of
[Ni(P,P)Cl2], the reagents 4-(

tbutyl)-1-iodobenzene (4-tBu) and p-
tolylmagnesium bromide (T) were added in this order, with
concomitant recording of UV-vis spectra (Fig. 4A). In a second
experiment, the above order of adding the two reagents was
reversed (Fig. 4B).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 1H NMR spectral changes in the reaction mixture of Fig. 4A.

Fig. 6 31P NMR spectral changes in the reaction mixture of Fig. 4A.

Fig. 7 Comparison of the DFT-calculated (gas phase, green) and X-ray
determined (red) structures of [Ni(P,P)X2].
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The spectra showed in Fig. 4 provide evidence that the
addition of the Grignard reagent (T) may lead to the reduction
of the nickel(II) pristine catalyst to catalytically active nickel(I)
species, as previously described in the literature.53,54 The reac-
tion mixture shown in Fig. 4A was also studied by 1H and 31P
NMR spectroscopy (Fig. 5 and 6, respectively).

Two multiplets around 8.4 and 7.6 ppm are assigned to the
[Ni(P,P)Cl2] complex, whereas those at 7.59 and 7.18 ppm are
ascribed to 4-tBu. Upon the addition of 4-tBu, the catalyst's
multiplet at 8.4 ppm persists unchanged. Aer the addition of
T, a reaction is taking place, observable in the region 7.6–
6.9 ppm. Conversely, when T was added rst to the solution of
[Ni(P,P)Cl2], the latter changes were not observed.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The NMR spectra for the reaction mixture of Fig. 4B (i.e. rst
addition of T and then of 4-tBu), are presented in the ESI
(Fig. S17 and S18,† respectively). The 1H NMR signals ascribed
to the catalyst disappeared in both cases, irrespective of the
order of the reagents' addition. The 31P NMR signal was shied
from 46.6 ppm to 33 ppm upon addition of 4-tBu rst, and
disappeared for the reversed order of reagents' addition. The
signal disappearance is most probably caused by the reduction
of the diamagnetic nickel(II) precatalyst to the paramagnetic
nickel(I) species, and hence broadening of the corresponding
peaks. The observed 31P NMR signal shi (when 4-tBu was
added rst) is probably related to a species resulting from the
pristine complex (vide infra), but the identity of this species
cannot be conclusively determined. Moreover, we do not have
a plausible explanation for the difference in behavior upon the
reverse order of the reagents' addition (mixture of Fig. 4B).
Based on the above experimental evidence, the catalytic cycle
may be operative via the Ni(I)–Ni(III) mode (vide infra), however,
the Ni(0)–Ni(II) mode cannot be entirely ruled out. Additional
investigations would be needed for such an endeavor, but this is
beyond the scope of the current work.55–58
DFT calculations

X-ray crystallographic and DFT-calculated structures of
complexes [Ni(P,P)X2] are depicted in Fig. 7. The signicant
structural similarity indicates an adequate accuracy of the per-
formed DFT calculations.

The DFT-calculated HOMO and LUMO orbitals of [Ni(P,P)
X2], X ¼ Cl, Br, I, are depicted in Fig. S16 (ESI†). As can be seen,
the LUMOs are similar for all three complexes and exhibit
antibonding character. However, the HOMOs differ signi-
cantly. The HOMOs of the bromido and iodido complexes
dominantly comprise non-bonding orbitals located on the hal-
ogenido ligands (lone pairs), whereas the HOMO of [Ni(P,P)Cl2]
is signicantly contributed with the electrons of d orbitals of
nickel(II). In turn, the opposite trend is observed in HOMO-2
orbitals of [Ni(P,P)Cl2], with almost no contribution of
d orbitals of nickel(II).

It is known that in the palladium-catalyzed C–C bond-
forming couplings (including Kumada), palladium alternates
exclusively between oxidation states Pd(0) (when entering the
oxidative addition) and Pd(II) (at reductive elimination). In
contrast, the nickel-based catalysts are known to operate either
in the Ni(0)–Ni(II) or the Ni(I)–Ni(III) mode.53–58 Consequently,
the nickel(II) precatalyst (pristine nickel complex) undergoes
reduction to the nickel(I) state (initiation), before entering to the
propagation cycle operating in the Ni(I)–Ni(III) mode. The
reduction occurs by reaction with the Grignard reagent. Based
on literature screening and our experimental observation, we
presume that initiation provides nickel(I)-based catalytic active
species, which, subsequently, operate in the Ni(I)–Ni(III) mode,
as depicted in Fig. 8.

In order to shed more light on the halogenido effect, we
investigate the transmetalation step of the catalytic cycle in
detail, Fig. 9. First, the interaction of [Ni(P,P)X] intermediate
with Grignard reagent leads to transient species (TS), with
RSC Adv., 2022, 12, 2227–2236 | 2231
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Fig. 8 Proposed mechanism of the Kumada coupling catalyzed by
[Ni(P,P)X2] complexes, X ¼ Cl, Br, I.

Fig. 9 Relative Gibbs free energies (in bulk THF), concerning the sum
of the isolated reactants, on the potential energy surface of the
reaction intermediates of the transmetalation step of the catalytic
cycle. The corresponding values in the gas phase are shown in
parentheses.
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signicantly lower DG values. These transient species can be
regarded as true transition states with inherent imaginary
frequency corresponding to the reaction coordinate. Then, the
respective MgBrX molecule is released and an aryl derivative
[Ni(P,P)Ar] enters the oxidative addition step.

It can be presumed that the initiation step, being a radical
process, is rate-determining, however, it was computationally
very time-consuming to locate the corresponding transition
state. Nevertheless, as shown in Fig. 9, the corresponding DG
values are systematically lower for the chlorido intermediates
with respect to bromido and iodido intermediates. Building on
the fact that the initiation step comprises interaction with the
2232 | RSC Adv., 2022, 12, 2227–2236
Grignard reagent, it can be presumed that this step will follow
a similar trend as shown for the transmetalation step.

Consequently, the DFT calculations on the nickel(II) pre-
catalysts [Ni(P,P)X2] revealed differences in the electronic
structure of the chlorido complex compared to the bromido and
iodido complexes. These differences, together with the afore-
mentioned mechanistic considerations (vide supra), probably
explain the differences in the catalytic activity as well as in the
observed induction periods for the bromido and iodido
complexes. The full set of the DFT-optimized structures inves-
tigated in this study is gathered in the ESI2 as a text le.†
Noteworthy, magnesium halides (reaction byproducts) opti-
mized in the bulk THF showed bent structures (linear in the gas-
phase), an effect that was observed for water microsolvation of
magnesium chloride.59

Conclusions

The work presented herein demonstrates that the catalytic
activity and product selectivity of [Ni{R0N(PPh2)2-k

2P}X2]
complexes in Kumada cross-coupling reactions depend on two
tunable factors: (i) the identity of the halogenido ligand, and (ii)
the nature of the N-substituent R0 moiety of the (P,P) ligand. All
three [Ni(P,P)X2] complexes showed excellent product selectivity
in the Kumada cross-coupling of Grignard reagent T with 4-tBu
substrate bearing the spatially unshielded reacting iodine atom.
Iodine atom shielding by ortho-substituents signicantly
decreases the cross-coupling selectivity of [Ni(P,P)Cl2]. The yield
of the Kumada cross-coupling catalyzed by [Ni(P,P)X2]
complexes decreases in line Cl > Br > I. The comparison of the
activity of [Ni(P,P)X2] with that of [Ni{R0N(PPh2)2-k

2P}X2]
complexes bearing different R0 moieties indicates that
increasing the electron-releasing power of R0 increases both the
catalytic activity and the cross-coupling selectivity of this family
of nickel(II) catalysts. We outline the transformation of the
precatalyst complex to a nickel(I) active species via reduction
with Grignard reagent accompanied by a one halogenido ligand
loss. DFT calculations reveal that [Ni(P,P)X] active species
formation is thermodynamically preferred for chlorido
complex, as well as, the transmetalation step of the catalytic
cycle is smoother for this species than for bromido and iodidio
counterparts. Consequently, calculated results explain the
difference in the catalytic activity of the chlorido complex
compared to the bromido and iodido complexes.

Experimental section

Syntheses were performed under argon atmosphere using
standard Schlenk techniques. Solvents were dried and distilled
according to procedures reported in the literature.60 The
tBuN(Ph2P)2 ligand was synthesized according to the literature
procedure.48 Determination of C, H, and N contents:
FlashSmart™ Elemental Analyzer (Thermo Fisher Scientic)
was used for the concurrent determination of C, H and N
content. Approximately 1.5 mg of the sample was weighed to
a tin capsule using the precision weighing balance Sartorius SE
2-OCE. The capsule was sealed and inserted into the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Crystallographic data for complexes [Ni(P,P)Cl2]$2CH2Cl2, [Ni(P,P)Br2] and [Ni(P,P)I2]

[Ni(P,P)Cl2]$2CH2Cl2 [Ni(P,P)Br2] [Ni(P,P)I2]

Formula C30H33Cl6NNiP2 C28H29Br2NNiP2 C28H29I2NNiP2
Fw 740.92 659.99 753.97
Space group P212121 P21cn P21/c
a (Å) 10.6796(4) 9.8001(2) 15.4142(3)
b (Å) 14.9649(1) 13.6022(3) 10.0508(2)
c (Å) 20.9874(4) 20.5470(4) 18.3727(3)
a (�) 90.0 90.0 90.0
b (�) 90.0 90.0 92.727(1)
g (�) 90.0 90.0 90.0
V (Å3) 3354.19(14) 2738.98(10) 2843.17(9)
Z 4 4 4
T (�C) �113 �113 �113
Radiation Mo Ka Mo Ka Mo Ka
rcalcd (g cm�3) 1.467 1.601 1.761
m (mm�1) 1.174 3.760 2.984
Reections with I > 2s(I) 7074 5591 5996
R1

a 0.0220 0.0239 0.0156
wR2

a 0.0525 0.0455 0.0390

a R1 ¼ S(jFoj � jFcj)/S(jFoj) and wR2 ¼ [S{w(Fo
2 � Fc

2)2]/S[w(Fo
2)2}]1/2. w¼ 1/[s2(Fo

2) + (aP)2 + bP] and P ¼ [max (Fo
2,0)+2Fc

2]/3, a ¼ 0.0287, b¼ 0.5803
for [Ni(P,P)Cl2]$2CH2Cl2; a ¼ 0.0112, b ¼ 0.00 for [Ni(P,P)Br2]; a ¼ 0.0181, b ¼ 1.67 for [Ni(P,P)I2].
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autosampler of the Analyzer and the standard operational
procedures were employed. 1H and 31P NMR spectra were
monitored on a Varian NMR Systems 300 MHz spectrometer at
300 MHz for 1H NMR spectra referenced to the solvent signal
d ¼ 7.25 ppm and Varian UNITY Inova 400 MHz spectrometer
for 31P NMR spectra at 162 MHz using 1H decoupling, refer-
enced to the external standard 85% H3PO4 d ¼ 0.00 ppm, in
CHCl3-d at 25 �C. First-order analysis was used for spectra
deciphering. All NMR spectra are shown in the ESI.† 13C NMR
spectra were recorded on BRUKER Avance 600 MHz (151 MHz,
CDCl3) and Varian Unity Inova 400 MHz (101 MHz, CDCl3). FTIR
spectra were obtained on a Shimadzu IR Affinity-1 instrument
using KBr pellets in transmission mode. All FTIR spectra are
shown in the ESI.† The samples for Laser Desorption Ionization
– Time Of Flight Mass spectrometry (LDI-TOF MS) were
prepared using a modied dried droplet method: the sample
with sodium triuoroacetate as ionization agent was dissolved
in CHCl3. The solution, without any matrix, was deposited on
the target and le to dry before measurement. Mass spectra
were recorded on an ultraeXtreme ToF–ToF mass spectrom-
eter (Bruker Daltonics) equipped with a 2000 Hz smartbeam-II
laser (355 nm) using the positive-ion reectron mode and
panoramic pulsed ion extraction, aer external calibration with
poly(ethyleneglycol).61 The MS spectra are shown in the ESI in
Fig. S14.† UV-vis spectra in THF solution are presented in ESI in
Fig. S15.†

Synthesis of complexes

Dichlorido[(tbutyl)bis(diphenylphosphanyl-k2P)amine]nick-
el(II), [Ni(P,P)Cl2]. Weighed amounts of [Ni(PPh3)2Cl2] (0.120 g,
0.183 mmol) and tBuN(PPh2)2 (0.081 g, 0.183 mmol) were dis-
solved in CH2Cl2 (10 mL), affording an orange solution, which
was allowed to react under stirring at room temperature for
24 h. Then, the solution was concentrated to 2 mL, adding n-
© 2022 The Author(s). Published by the Royal Society of Chemistry
hexane (5 mL), which afforded an orange powder. This powder
was ltered and dried under vacuum (yield 0.100 g, 96%).
Selected IR bands (KBr, cm�1, see Fig. S1 in the ESI†): 1437 n(P–
Ph), 1180, 1101, 1015, 868 n(P–N–P), 746, 694. 1H NMR {400
MHz, CDCl3, d (ppm), see Fig. S4 in the ESI:† 8.33–8.32 (m (8H,
C6H5), 7.66–7.59 (m, 12H, C6H5) 0.88 (s, 9H, CH3).

13C NMR {101
MHz, CDCl3, d (ppm), see Fig. S5 in the ESI†}: 134.6 (t, J ¼ 5.6
Hz), 133.0 s, 129.2 m, 128.3 (t, J ¼ 25.5 Hz), 64.2 s (tButyl,
quaternary), 31.2 s (CH3,

tButyl), Signal at 29.6 ppm was
ascribed to a trace of acetone.31P NMR {162 MHz, CDCl3,
d (ppm), see Fig. S10 in the ESI†}: 46.6 (s). Melting point: 298–
302 �C (decomposition). Anal. calc. for C28H29Cl2NP2Ni (%): C,
58.89; H, 5.12; N, 2.45, found: C, 58.62; H, 5.06; N, 2.55.

Dibromido[(tbutyl)bis(diphenylphosphanyl-k2P)amine]nick-
el(II), [Ni(P,P)Br2]. Weighed amounts of [Ni(DME)Br2] (0.077 g,
0.260 mmol) and tBuN(PPh2)2 (0.110 g, 0.250 mmol) were dis-
solved in CH2Cl2 (10 mL), affording a red solution, which was
allowed to react under stirring at room temperature for 24 h.
Then, the solution was concentrated to 4 mL, adding n-hexane
(10 mL), which afforded a red powder. This powder was ltered
and dried under vacuum (yield 0.130 g, 79%). Selected IR bands
(KBr, cm�1, see Fig. S2 in the ESI†): 1477 n(P–Ph), 1433, 1173,
1093, 1007, 868 n(P–N–P), 744, 692. 1H NMR {600 MHz, CDCl3,
d (ppm), see Fig. S6 in the ESI†}: d 8.34 (m, 8H, C6H5)7.67–7.60
(m, 12H,m, C6H5), 0.89 (9H, s, CH3).

13C NMR {151MHz, CDCl3)
d (ppm), see Fig. S7 in the ESI:† 134.6 m, 133.0 s, 129.2 m, 128.3
m, 64.2 s (tButyl, quaternary). 31.2 s (CH3,

tButyl), Signal at
29.9 ppm was ascribed to acetone.31P NMR {162 MHz, CDCl3,
d (ppm), see Fig. S11 in the ESI†}: 53.01 (s). Melting point 304–
306 �C (decomposition). Anal. calc. for C28H29Br2NP2Ni (%): C,
50.96; H, 4.43; N, 2.12, found: C, 50.78; H, 4.38; N, 2.10.

Diiodido[(tbutyl)bis(diphenylphosphanyl-k2P)amine]nick-
el(II), [Ni(P,P)I2]. Weighed amounts of complex [Ni(P,P)Cl2]
(0.060 g, 0.105 mmol) and NaI (0.063 g, 0.420 mmol) were
RSC Adv., 2022, 12, 2227–2236 | 2233
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dissolved in acetone (10 mL), affording a purple solution, which
was allowed to react under stirring at room temperature for
24 h. Then, acetone was vaporized, the solid residue was dis-
solved in CH2Cl2 (10 mL), and the resulting solution was ltered
through cellite to remove unreacted NaI and the product, NaCl,
concentrating the ltrate to 4 mL. Addition of n-hexane (10 mL)
afforded a purple-red powder, which was ltered and dried
under vacuum (yield 0.060 g, 76%). Selected IR bands
(KBr, cm�1, see Fig. S3 in the ESI†): 1481, 1437 n(P–Ph), 1370,
1180, 1098, 1009, 868 n(P–N–P), 744, 700. 1H NMR {400 MHz,
CDCl3, d (ppm), see Fig. S8 in the ESI†}: 8.33–8.31 (m, 8H, C6H5)
7.65–7.59 (12H, m, C6H5), 0.86 (9H, s, CH3).

13C NMR {151 MHz,
CDCl3, d (ppm), see Fig. S9 in the ESI†}: 134.90 m, 132.90 (d, J ¼
5.9 Hz), 129.9 m, 128.8 m, 64.2 s (tButyl, quaternary).31.1 (d, J ¼
3.0 Hz) (CH3,

tButyl), 31P NMR {162 MHz, CDCl3, d (ppm), see
Fig. S12 in the ESI†}: 63.7 (s). Melting point 318–322 �C
(decomposition). Anal. calc. for C28H29I2NP2Ni (%): C, 44.60; H,
3.88; N, 1.86, found: C, 44.72; H, 3.92; N, 2.00.

X-ray crystallography

A crystal of [Ni(P,P)Cl2]$2CH2Cl2 (0.25 � 0.34 � 0.42 mm),
[Ni(P,P)Br2] (0.09 � 0.19 � 0.25 mm) and [Ni(P,P)I2] (0.12 �
0.26 � 0.37 mm) were taken from the mother liquor and
immediately cooled to�113 �C. Diffraction measurements were
taken on a Rigaku R-AXIS SPIDER Image Plate diffractometer
using graphite monochromated Mo Ka radiation. Data collec-
tion (u-scans) and processing (cell renement, data reduction
and Empirical absorption correction) were performed using the
Crystal Clear program package.62 Important crystallographic
data are listed in Table 3. The structures were solved using
direct methods and SHELXS v.2013/1 and then rened using
full-matrix least-squares techniques on F2 with SHELXL
ver.2014/6.63 Further experimental crystallographic details for
[Ni(P,P)Cl2]$2CH2Cl2: 2qmax ¼ 54�; reections collected/unique/
used, 32 034/7324 [Rint ¼ 0.0268]/7324; 493 parameters rened;
(D/s)max ¼ 0.002; (Dr)max/(Dr)min ¼ 0.383/�0.254 e Å�3; R1/wR2
(for all data), 0.0232/0.0531, Flack parameter x ¼ 0.009(4) using
3031 quotients.62 Further experimental crystallographic details
for [Ni(P,P)Br2]: 2qmax ¼ 54�; reections collected/unique/used,
25 149/5972 [Rint ¼ 0.0455]/5972; 423 parameters rened; (D/
s)max¼ 0.002; (Dr)max/(Dr)min¼ 0.318/�0.269 e Å3�; R1/wR2 (for
all data), 0.0272/0.0465, Flack parameter x ¼ 0.004(5) using
2428 quotients.64 Further experimental crystallographic details
for [Ni(P,P)I2]: 2qmax ¼ 54�; reections collected/unique/used,
49 930/6206 [Rint ¼ 0.0200]/6206; 423 parameters rened; (D/
s)max¼ 0.001; (Dr)max/(Dr)min¼ 0.467/�0.330 e Å�3; R1/wR2 (for
all data), 0.0165/0.0394. All hydrogen atoms were located in
difference density maps and rened isotropically. All non-
hydrogen atoms were rened anisotropically. Structural plots
were drawn using the Diamond 3 program package.65

General experimental procedure for the Kumada coupling

Catalytic Kumada coupling reactions were performed using
a modied literature procedure.35 In a Schlenk ask, equipped
with rubber septum, 1-iodoaryl derivative ((a) 4-iodo-tbu-
tylbenzene, (b) 2-iodotoluene, (c) 2-iodo-1,3-dimethylbenzene
2234 | RSC Adv., 2022, 12, 2227–2236
(1.0 mmol)), 10 mmol of complex [Ni(P,P)X2] and 0.5 mmol of
mesitylene were dissolved in 3 mL of freshly distilled THF. The
mixture was cooled down with liquid nitrogen (10 min). Schlenk
ask was connected to the vacuum-argon manifold and evacu-
ated (0.5 mbar). The sidearm stopcock of the Schlenk ask was
closed, removing the cooling, and mixture was le standing to
reach room temperature. The Schlenk ask was ushed with
argon in the nal degassing cycle stage. The degassing cycle was
repeated three times. Finally, a hexane solution p-tolylMgBr (1.2
mmol) was carefully added under argon. The mixture was le to
react at room temperature. Pick outs (50 mL) were performed
under argon at 20, 90, 1080 min. Withdrawn samples were
diluted in 2 mL of pure methanol (quenching of the reaction).
Each sample was analyzed on a Shimadzu GC-2010 chromato-
graph, equipped with an FID detector and a 30m, 0.25mm (0.25
mm lm of anchored phase) Zebron DB-5 capillary column.

Spectral mechanistic study. 5 mg of [Ni(P,P)Cl2] was dis-
solved in 4 mL of THF-d8. Stock solutions of 4-iodo-tbu-
tylbenzene and p-tolylMgBr in THF-d8 were prepared
(approximately 0.1 M each). Five drops of each solution were
stepwise added to the complex solution in the appropriate order
(vide supra). 1H NMR, 31P NMR, and UV-vis spectra were recor-
ded at each stage.

Computational details. All structures employed here were
optimized using the M06 functional66 in conjunction with the
LanL2DZ67–69 (for the nickel center and halogens) and cc-pVDZ70

(other atoms) basis sets, as implemented in the Gaussian 09
program package.71 Geometry optimizations for precatalysts
were started from the experimentally determined solid-state
structures. Frequency analyses at the same level of theory
were performed in all the stationary geometries in order to
assign them as genuine minima (no imaginary frequency) or
transition states (only one imaginary frequency corresponding
to the reaction coordinate) on the potential energy surface as
well as to evaluate the thermochemical corrections at 298.15 K.
The solvent effects were estimated through the SCRF single
point calculations in tetrahydrofuran as the continuum dielec-
tric (3 ¼ 7.4257) at the optimized geometries in the gas phase
using an SMD model.72 The change in the number of moles (n)
in the reaction was accounted for by a correction of
1.9Dn kcal mol�1 (the effect of the change associated with
moving from a standard state pressure to standard state
concentration).
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