
Dalton
Transactions

PAPER

Cite this: Dalton Trans., 2015, 44,
1317

Received 18th July 2014,
Accepted 13th October 2014

DOI: 10.1039/c4dt02158d

www.rsc.org/dalton

P,C-bond cleavage in the ligand sphere of a
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Reacting nickel(II)perchlorate with a bidentate P,N-ligand in methanol leads to P,C-bond cleavage and

gives a five-coordinate nickel complex wherein the nickel(II) site is coordinated by a tridentate P,N,P-

ligand and a bidentate N,C-ligand. The carbanion of the latter is the result of the P,C-bond cleaving

process. The diamagnetic nickel(II) complex was characterized by means of elemental analysis, NMR

spectroscopy, cyclic voltammetry and X-ray structure analysis.

Introduction

Nickel(II) complexes have been established for a long time as
catalysts for a series of catalytic transformations such as
Kumada-1 and Negishi-type2 cross-coupling or olefin polymer-
ization reactions.3 The broad catalytic applications in combi-
nation with the rich variety of catalytically active nickel(II)
systems led us to focus on the coordination chemistry of
[(2-aminopyrimidin-4-yl)aryl]phosphanes with this metal. In
the last few years we have investigated chelating ligands con-
taining 2-aminopyrimidin-4-yl fragments bound to either a
second N-donor or a phosphine moiety. In the case of tertiary
amino groups being located at the 2-position of the pyrimidine
ring, such ligands easily undergo a so-called roll-over metalla-
tion4 leading to C–H activation in the 5-position of the
pyrimidine ring.5 The resulting metal complexes which are co-
ordinated by a carbanion show good activities in transfer
hydrogenation (Ru) and Suzuki–Miyaura coupling reactions
(Pd). This inspired us to extend the investigation of this class
of ligand to other late transition metals.

Herein we report on an unusual P–C bond cleavage
performed in the ligand backbone of a nickel(II) complex
leading to a stable, diamagnetic, five-coordinate nickel(II)
complex. Interestingly this P,C-cleavage occurs at the P,N-
ligand [(2-aminopyrimidin-4-yl)aryl]phosphane (1) containing
a primary amine (Scheme 1), which is the most unreactive

member in the series of primary, secondary and tertiary
[(2-aminopyrimidin-4-yl)aryl]phosphanes we had investigated
so far.

P,C-cleaving reactions have frequently been described in the
literature. There are even some bacteria being able to perform
this reaction in the case of alkyl phosphorous species.6 The
cleavage of aryl and alkyl phosphorous bonds can be per-
formed at clusters7 or mono- to trinuclear metal complexes8

leading to bridging phosphido ligands. These conversions are
mainly following oxidative addition processes at the metal site.
According to these findings Hartwig, Bergman and Andersen
suggested that the P,C-cleavage occurring at a ruthenium(II)
complex also includes an oxidative addition step.9 The most
prominent example for a reductive P,C-cleavage is the reaction
of PPh3 with lithium to provide Ph2PLi and PhLi,10 which is
also reported for other phosphines with different reducing
reagents.11 To the best of our knowledge, there is one example,
wherein an electrophile (H+) attacks a non-coordinating phos-
phorous atom in the periphery of a transition metal complex
(here: Zr), resulting in a P,C-bond cleavage.12 On the other
hand, the attack of a nucleophile to a metal-coordinated phos-
phorous atom or a phosphorous site possessing good leaving
group properties can also lead to P,C-bond cleavage and gene-
rate a carbanion, which is further stabilized by coordination to
the metal site or by protonation.13

Scheme 1 Synthesis of the nickel(II) complex 2.
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CIF or other electronic format see DOI: 10.1039/c4dt02158d
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Results and discussion

Ligand 1 is accessible in a few steps starting from diphenyl(tri-
methylsilyl)phosphane and 1-(2-fluorophenyl)-3-N,N-dimethyl-
aminoprop-2-en-1-one.14 Reacting Ni(ClO4)2(H2O)6 with 1 in a
1 : 3 ratio in methanol gives the red-colored, five-coordinate
nickel(II) complex 2 in high yields (Scheme 1).

Single crystals of 2 suitable for an X-ray structure determi-
nation were grown from a concentrated solution in methanol.
The nickel(II) complex 2 crystallizes in the triclinic space group
P1̄ with two molecules of methanol in the asymmetric unit.
One methanol molecule is distorted over two positions, the
perchlorate counter anion is distorted as well. Fig. 1 shows the
molecular structure of the cation. Characteristic bond para-
meters are listed in the caption.

The determination of the molecular structure of the nickel(II)
complex 2 proves that a PPh2 moiety has been split from
one of the [(2-aminopyrimidin-4-yl)aryl]phosphanes and has
been attached to the NH2 group of the second ligand. The
nickel(II) ion is now coordinated in a distorted square-pyrami-
dal manner by two phosphorous atoms, two nitrogen atoms
and one carbon atom. Pentacoordinate nickel complexes are
not uncommon. However, they are mainly observed in a trigo-
nal-bipyramidal geometry with nitrogen and sulphur donors.15

Since the angle P1–Ni1–P2 is close to 140° and the angles P1–
Ni1–N4 and P2–Ni1–N4 are larger than 100°, the compound
adopts a geometry, which is in between a square-pyramidal

and a trigonal-bipyramidal coordination mode. This coordi-
nation mode is caused by the bending in the six-membered
ring (N1–C–C–C–P1–Ni1) which prevents the donor atoms of
the tridentate P,N,P-ligand from being located in one plane
with the nickel(II) site. The Ni–P bond lengths differ only
slightly. In contrast, there is a big difference in the Ni–N bond
lengths: Ni–N1 (1.978 Å) is about 15 pm shorter than Ni1–N4
(2.135 Å), although the nitrogen atom N1 is located in the
trans-position to the carbanion site C44, exhibiting a strong
trans-influence. This observation is frequently made for rigid
tridentate ligands: due to steric restrictions, the M–L distance
to the inner donor site is generally found to be considerably
shortened compared to the outer ones.16 The reason why C44
is found in the trans-position to N1 is probably an intramole-
cular hydrogen bond that exists between H6A and N1 (2.51 Å).
As expected, the Ni–C44 (1.903 Å) bond is the shortest of all
M–L bonds, thus approx. 23 pm shorter than the Ni–N4 bond,
reflecting the anionic nature of this carbon atom and the
resulting very strong Ni–C bond. The ligand backbone of com-
pound 2 contains several sites that can act as proton donors or
acceptors in intermolecular hydrogen bonds, resulting in
the formation of a zig-zag chain (see the ESI†) generated by
linkages between H3N and N2 as well as H6B and N5. The
perchlorate anion interacts via a hydrogen bond with H6A. The
Ni–C-bond is neither hydrolysed by the protic amino group of
the molecule nor by the protic solvent methanol as a result of
the almost perfect shielding by the two diphenylphosphino
moieties. These are located in the trans-positions of the dis-
torted square pyramidal coordination environment (see the
ESI†).

The 31P{1H} NMR spectrum of 2 shows two sharp reso-
nances for the phosphorous atoms P1 (13.9 ppm) and P2
(47.2 ppm) with a 2JPP coupling of 231.6 Hz. The large coupling
is consistent with two different phosphorous sites being
located in the trans-position to each other. Since there is no
structurally related nickel(II) complex in the literature, we took
diamagnetic, four-coordinate complexes as makeshifts to
assign the 31P resonance of compound 2. The 31P resonance
of trans-(PPh3)2Ni(Ph)Cl is reported to appear at approx.
21 ppm.17 Kirchner et al. investigated a square-planar nickel(II)
pincer complex with two trans-orientated arylamino(diphenyl)-
phosphine units and found a 31P resonance at 77.8 ppm.18

These values allow to assign the resonance at 13.9 ppm to the
triaryl-substituted phosphorous atom and the resonance at
47.2 to the diphenylphosphine site carrying one amino group.
The general shift of the 31P resonances of 2 (18 VE system) to
lower field compared to the model systems (16 VE systems) is
due to the increased electron density. Hey-Hawkins et al.
found the homoleptic nickel(0) complex Ni(Ph2P-NHPh)2 with
a 31P signal at 16.6 ppm.19 Due to the completely asymmetric
structure of 2, resulting in four different phenyl groups, and
the multiple P,H-couplings, the complete interpretation of the
1H NMR spectrum is difficult. Nevertheless by means of a
H,H-COSY experiment, the two sets of AB spin systems (8.54/
7.12 ppm, 2JHH = 5.05 Hz; 8.19/7.33 ppm, 2JHH = 5.38 Hz) being
affiliated to the two pyrimidine rings can easily be identified.

Fig. 1 Molecular structure of the cation of compound 2 in the solid
state; carbon bound hydrogen atoms, the perchlorate anion and both
co-crystallizing methanol molecules are omitted for clarity. Characteristic
bond lengths [Å], bond angles [°], and hydrogen bond parameters:
Ni1–P1 2.1968(9), Ni1–P2 2.1367(9), Ni1–N1 1.978(3), Ni1–N4 2.135(3),
Ni1–C44 1.903(3), P1–Ni1–P2 149.25(4), P1–Ni1–N1 89.12(8), P1–Ni1–
N4 106.20(7), P1–Ni1–C44 90.58(9), P2–Ni1–N1 86.71(8), P2–Ni1–N4
104.42(7), P2–Ni1–C44 90.53(10), N1–Ni1–N4 102.94(10), N1–Ni1–C44
174.06(12), N4–Ni1–C44 82.84(12); hydrogen bonds (O1 from perchlor-
ate): N3–H3N 0.86(3), H3N⋯N2 2.07(3), N3⋯N2 2.929(5), N3–H3N⋯N2
179(4), N6–H6A 0.87(3), H6A⋯O1 2.58(4), N6⋯O1 3.129(5), N6–H6A⋯O1
122(3), N6–H6A 0.87(3), H6A⋯N1 2.51(3), N6⋯N1 3.150(4), N6–H6A⋯N1
131(3), N6–H6B 0.87(3), H6B⋯N5 2.14(3), N6⋯N5 3.013(4), N6–H6B⋯N5
179(5).
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Since the resonance at 8.54 ppm shows a second coupling of
1.20 Hz (either to the NH-group or the N–P phosphorous
atom), it can be assigned to the pyrimidine proton next to the
ring nitrogen atom in the tridentate P,N,P-ligand. Furthermore
there are the signals of two ABCD spin systems (7.84/7.65/7.58/
7.50 and 7.62/6.75/6.35/6.26 ppm) standing for the two ortho-
substituted phenylene rings. The latter one is considerably
deshielded and can therefore be assigned to the bidentate
ligand with the Ni–C bond. Examination of the course of the
generation of 2 by 31P NMR spectroscopy failed due to the for-
mation of insoluble (HL+ClO4

−). However, no intermediate
could be detected even at the beginning of the reaction either
due to a very rapid transformation of this intermediate into 2
or due to a paramagnetic nature of the intermediate.

ESI-MS measurements further confirm the molecular com-
position of the cation of 2 (m/z = 767 amu with respect to 58Ni,
see the ESI†). In the infrared spectrum of 2, one would expect
to generally find the bands of three N–H stretching vibrations,
one for the NH–PPh2 unit and the symmetric and the asym-
metric vibration of the NH2 group. In fact, there are two
bands, one at 3437 and a slightly stronger band at 3354 cm−1.
We assign the latter one to the overlapped bands of the
N–H stretching vibration10 and the symmetric NH2 stretching
vibration.20

Cyclic voltammetry was carried out to get an insight into
the redox behaviour of compound 2. The nickel(II) complex is
irreversibly oxidized at a peak potential of 0.77 V in acetonitrile
solution with respect to the SCE (for a graphic see the ESI†).
No reduction could be observed up to a potential of −1.50
V. Electron rich square planar PCP-type pincer complexes of
nickel(II) show similar oxidation potentials depending on the
nature of the C-donor site,21 while e.g. for less electron rich
complexes such as (PPh3)2Ni(NCS)2 no oxidation was found,
but irreversible reduction processes.22 This shows the electron-
rich nature of the five-coordinate nickel(II) complex 2.

We suggest an intramolecular mechanism for the P,C-bond
cleavage and the P,N-bond formation. The nucleophilic charac-
ter of the amino group of aminopyrimidines is not very
strong. In the nucleophilic solvent methanol the formation of
methoxy(diphenyl)phosphine as the main product should
occur in an intermolecular reaction. We propose, that in the
first step, the formation of the dicationic nickel(II) complex A
takes place (Scheme 2, top). In A the two P,N-donors are co-
ordinated in a square planar mode. This compound might
undergo loose interaction with the perchlorate anions (not
drawn). Provided that the P,N bond formation takes place in
an intramolecular way, the two nitrogen resp. and the two
phosphorous sites have to be oriented trans to each other, a
situation which would also prevent steric hindrance of the two
diphenylphosphino units.

We know from a X-ray structure analysis of the palladium(II)
complex (1)PdCl2,

5 wherein the palladium centre is cis-co-
ordinated by the phosphorous and the nitrogen atom, that the
six-membered ring including P, Pd, and N is severely bent.
Due to the bending of the P,N units, compound A might exist
in two isomeric forms (Scheme 2, top), wherein the bridging

phenylene units either point in opposite directions (Ci sym-
metry) or in the same direction (C2 symmetry). According to
preliminary quantum chemical calculations on the mechan-
ism, the C2 symmetric isomer is about 9 kcal mol−1 lower in
energy than the Ci symmetric one. After Ni–P cleavage has
occurred in the first step of the mechanism, the detached
phosphorous atom has to move towards the NH2 group of the
second ligand. This is, in our opinion, strongly favoured for
the C2 symmetric isomer (Scheme 2, bottom), since the nickel
site can only in this case undergo an interaction with the brid-
ging phenylene unit, that will lead to an electrophilic attack at
the phosphorous substituted carbon atom (B). This allows a
neighboring amino group to perform a nucleophilic attack at
the phosphorous atom which cleaves the P,C-bond and forms
the P,N-bond (C). Finally a third equivalent of ligand 1, which
is necessary to obtain high yields of the product, takes over the

Scheme 2 Generation of the nickel(II) complex 2 by P,C-bond cleavage
and subsequent P,N-bond formation.
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proton from the nitrogen atom and the aminophosphine coor-
dinates to the nickel centre resulting in the formation of com-
pound (2).

This kind of P,C-bond cleavage reaction is up to now
limited to nickel(II) and ligand 1. We have carried out the same
reaction with manganese(II), iron(II), cobalt(II), copper(II) and
zinc(II) perchlorates which do not show any reaction with the
ligand. The same was observed for other triphenylphosphine
functionalized tertiary aminopyrimidines and pyrazoles,
which we frequently use in our group. In none of these cases,
P,C-bond cleavage could be found. Instead, expected coordi-
nation compounds with intact ligand structures have been
observed. The behaviour of these ligands might be explained
by steric and electronic considerations: pyrazoles are poor
nucleophiles since the N-σ orbital is occupied for the N–H
bond, while the N-π orbital is conjugated in the 6-electron ring
structure. For [(2-aminopyrimidin-4-yl)aryl]phosphanes carry-
ing a tertiary amino group –NR2, steric hindrance of the
groups R will prevent the attack of the phosphorous atom at
the amino group.

Experimental
General remarks

All reaction steps were carried out under an argon atmosphere
using Schlenk techniques. Nickel(II) perchlorate hexahydrate
was purchased from Sigma Aldrich and used without further
purification. Ligand 1 was synthesized according to a pub-
lished procedure.5 All solvents were degassed according to
standard techniques before use. 1H, 13C and 31P NMR spectra
were recorded on a Bruker Spectrospin Avance 400 device,
ESI mass spectra were recorded on a Bruker Esquire 6000
equipment.

Synthesis of the nickel(II) complex 2

Nickel(II) perchlorate hexahydrate (373 mg, 1.02 mmol) was
dissolved in methanol (20 ml) and 1 (1.11 g; 3.11 mmol) was
added to the green solution. The resulting green suspension
was stirred for 48 h at room temperature whereby its colour
changed to red. The solvent was removed in vacuum and
dichloromethane (20 ml) was added, leading to a red solution
and a white precipitate, which was filtered off. After evapor-
ation of the solvent from the filtrate, the remaining reddish-
brown solid was stirred with toluene (15 ml) at room tempera-
ture for 16 h to dissolve residues of the free ligand 1, then fil-
tered off and dried under vacuum. To obtain crystals suitable
for an X-ray structure analysis, the compound was recrystal-
lized from a minimum amount of methanol. Yield: 778 mg
(896 µmol; 88%) of a reddish-brown solid. Elemental analysis
for C44H35ClN6NiO4P2 (867.91): calcd C 60.89%, H 4.06%,
N 9.68%; found C 61.19%, H 4.24%, N 9.48%.

Cyclic voltammetry

Electrochemical experiments were performed at room tempera-
ture in 0.2 M solution of NBu4ClO4 in acetonitrile using a

potentiostat/galvanostat 273 A of Princeton Applied Research,
a platinum foil as the working electrode, a platinum net as the
counter electrode and a saturated calomel electrode as the
reference electrode. The scan rate was 100 mV s−1. The ferro-
cene/ferrocenium redox couple served as the internal reference
(+0.42 V vs. SCE).

X-ray structure analysis of 2

Crystal data and refinement parameters for compound 2 are
collected in Table 1. The structure was solved using a direct
method (SIR9223), completed by subsequent difference Fourier
syntheses, and refined by full-matrix least-squares pro-
cedures.24 A semi-empirical absorption correction from equi-
valents (Multiscan) was carried out.25 The molecule was found
co-crystallized with two equivalents of methanol, one of which
being disordered. The hydrogen atoms bound to the nitrogen
atoms N3 and N6 were located in the difference Fourier syn-
thesis and were refined semi-freely with the help of a distance
restraint, while constraining their U-values to 1.2 times the
U(eq) values of the corresponding nitrogen atoms. All the other
hydrogen atoms were placed in calculated positions and
refined using a riding model. CCDC-1014112 contains the sup-
plementary crystallographic data for this paper.

Conclusions

The reaction of [(2-aminopyrimidin-4-yl)aryl]phosphane with
nickel(II)perchlorate hexahydrate leads to a novel five-coordi-
nate nickel(II) complex in high yield wherein the nickel(II) site

Table 1 Crystallographic data, data collection and refinement

2

Empirical formula C46H43ClN6NiO6P2
Formula weight 931.96
Crystal size [mm] 0.16 × 0.10 × 0.06
T [K] 150(2)
λ [Å] 1.54184
Crystal system Triclinic
Space group P1̄
a [Å] 11.6115(7)
b [Å] 13.4918(9)
c [Å] 14.9171(10)
α [°] 87.203(5)
β [°] 75.689(6)
γ [°] 70.567(6)
V [Å3] 2134.0(2)
Z 2
ρcalcd. [g cm−3] 1.450
μ [mm−1] 2.417
θ-range [°] 3.48–62.85
Refl. coll. 14 868
Indep. refl. 6800 [Rint = 0.0275]
Data/restr./param. 6800/122/612
Final R indices [I > 2σ(I)]a 0.0525, 0.1340
R indices (all data) 0.0610, 0.1419
GooFb 1.027
Δρmax/min (e Å−3) 1.307/−1.224

a R1 = ∑||Fo| − |Fc||/∑|Fo|, ωR2 = [∑ω(Fo2 − Fc
2)2/∑ωFo2]1/2. bGooF =

[∑ω(Fo2 − Fc
2)2/(n − p)]1/2.
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is coordinated by a tridentate P,N,P′-ligand and a bidentate,
carbanionic N,C-ligand. Both ligand systems are formed from
the bidentate[(2-aminopyrimidin-4-yl)aryl]phosphane which
undergoes a P,C-bond cleavage. The pyridinyl amino group
acts as a nucleophile and takes over a PPh2 unit in an intramo-
lecular process from the neighbouring ligand moiety.
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