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Influence of the Flexibility of Nickel PCP-Pincer Complexes

on C—H and P—C Bond Activation and Ethylene Reactivity:
A Combined Experimental and Theoretical Investigation

Fengkai He,™ " Christophe Gourlaouen,” Huan Pang,* and Pierre Braunstein*®

Abstract: Using a pincer platform based on a bridgehead
NHC donor with functional side arms, the combined effect of
increased flexibility in six-membered pyrimidine-type hetero-
cycles compared to the more often studied five-membered
imidazole, and rigidity of phosphane side arms was examined.
The unique features observed include: 1) the reaction of the
azolium Cy,,—H bond with [Ni(cod),] affording a carbanionic
ligand in [NiCI(PC,,,"P)] (8) rather than a carbene; 2) its
transformation  into  the NHC, hydrido  complex
[NiH(PC""“P)IPF, (9) upon halide abstraction; 3) ethylene

insertion into the Ni—H bond of the latter and ethyl migration
to the N—C—N carbon atom of the heterocycle in [Ni(PC*P)]PF
(10); and 4) an unprecedented C—P bond activation trans-
forming the P—C""“~P pincer ligand of 8 in a C—C""“~P pincer
and a terminal phosphanido ligand in [Ni(PPh,)(CC"P)] (15).
The data are supported by nine crystal structure determina-
tions and theoretical calculations provided insights into the
mechanisms of these transformations, which are relevant to
stoichiometric and catalytic steps of general interest.

J

Introduction

The spectacular developments witnessed in the last few years
in the chemistry of N-heterocyclic carbenes (NHCs) are rooted
in a number of reasons, such as scientific curiosity, emergence
of new and often unexpected reactivity patterns, enhanced
stability of their metal complexes, tunability of their electronic
properties, applications in materials and medicinal sciences, and
the often improved performances of NHC-derived catalysts,
particularly when compared to related phosphane-based
systems.""® The general relevance of NHC chemistry was
further highlighted in 2018 by a special issue of Chemical
Reviews.' The incorporation of NHCs into multidentate, hybrid
ligands provides increased chemical diversity and can lead to
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particularly robust catalysts.**>? Since their inception in the
1970s, pincer-type ligands, defined as any tridentate ligand that
binds to a metal centre in a meridional fashion, have become
ubiquitous in modern molecular chemistry, largely because of
the kinetic and thermodynamic stabilization they confer to their
metal complexes. Incorporating NHC donor(s) in pincer-type
architectures has rapidly attracted considerable interest and the
huge diversity and relatively easy functionalization of pincer
ligands facilitates the fine-tuning of their stereoelectronic
features and, consequently, of the reactivity and catalytic
applications of their metal complexes.2326283137-47]

Nickel has long been associated with a very rich molecular
chemistry, in particular because of the greater flexibility and
adaptability of its coordination sphere compared to that of
analogous palladium or platinum complexes, and the often-
unique structural features and catalytic properties of its metal
complexes, in part due to the possibility for Ni' to be in a triplet
or singlet ground state, depending on its ligand
environment.***% Consequently, it is not surprising that the
chemistry of nickel complexes with NHC-containing pincer-type
ligands is developing very fast, as documented in recent articles
and reviews."*>*3*7

The stereoelectronic properties of NHCs can be modulated
by the nature of the N-substituents (or wingtip substituents)
and of the heterocycle itself by including or not electronic
unsaturation, annelation,*? or by varying its ring size, typically
from five to six. In contrast to five-membered ring NHCs, which
attract the most attention, expanded ring NHCs are endowed
with higher basicity,**®" display larger N-C""~N angles,****¥
and represent promising platforms for transition metal reac-
tivity and catalysis.*®**” For a meaningful investigation of the
consequences of modifying the stereoelectronic properties of
various NHC-containing pincer systems coordinated to a given
metal ion, one should either keep the bridgehead (central)

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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donor constant and vary the wingtip functionalities or keep the
latter constant and vary the central donor. In the present
combined experimental-theoretical study, a NHC donor will
always occupy a bridgehead position and we will examine how
the flexibility of pincer systems based on a six-membered
heterocycle decorated with two phosphane donors can bring
about unique features concerning (i) the reactivity of an
azolium C,,,—H bond toward Ni° (i) the insertion of ethylene
into a Ni-H bond and subsequent ethyl migration to the
heterocycle with C,,;—C,; bond formation and (iii) an unprece-
dented C—P bond activation at a P—C""“—P Ni° transient pincer
complex resulting in the formation of a Ni' complex with a
terminal phosphanido ligand and a new C—C""“—P pincer
ligand.

We recently found that when the bis(imine)imidazolium
chloride [C;H;N,{C(Me)(=NDiPP)}LICI (1) (DiPP = 2,6-diisopropyl-
phenyl) was reacted with [Ni(cod),], the imidazolium proton
C2—H was surprisingly not removed by oxidative-addition to
give a NHC donor but instead, reduction of the proligand
occurred and the imidazole C2 carbon became sp*-hybridized
in the resulting N™"C_;"N™ Ni' alkyl pincer complex 2
(Scheme 1).8

This finding was unexpected since the direct oxidative-
addition of an azolium C—H bond to Ni° precursors represents a
typical atom economical access to Ni'" NHC complexes.*%7"
Theoretical calculations showed that the rigidity of the two five-
membered metallacycles formed by the N™™C_,"N™" pincer
ligand was the main reason for the stability of 2 and the
destabilization of the corresponding N™MeCNCN™e  pincer
system.®® In comparison, Fryzuk and coll. found that the
bis(phosphino)imidazolium hexafluorophosphate 3 reacted
with [Ni(cod),] to give the expected NHC complex 4, resulting
from the oxidative-addition of the imidazolium C2—H bond to
Ni® (Scheme 2),7°’" and the formation of a complex analogous
to 2 with a C,,;—Ni bond was not observed. However, with the
chloride salt of a closely related bis(phosphino)imidazolium
(with PPh, instead of PiPr, donors), Thomas and coll. observed
that reaction with Pd® or Pt° precursors yielded the correspond-
ing PC,"P M" chloride pincer complexes (M=Pd, Pt).””

Cle N
[P 1 equiv. Ni(cod), \W H>f
NEN N N
\// \( - . —=Ni=—N-__
/ \ room temp., DiPP”” | DiPP
pipp—N N~pipp pentane cl
1 2
Scheme 1. Synthesis of complex 2 with a C,,;"—Ni bond."*®
_ ®
N\“/N
N\®/N 1 equw Ni(cod), l
P —Ni~—P PFe®
room temp 1Pry 'L iPry
/Pr2 /Pr2 pentane
3 4

Scheme 2. Synthesis of complex 4 with a C""“~Ni bond
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Chloride abstraction afforded the corresponding cationic hydri-
do complex with a PC™P pincer ligand as a result of H
migration from the C,,; to M.

Intrigued by the subtle factors governing the chemo-
selectivity of such reactions, which are of general relevance to
current research performed in numerous groups, we embarked
on an experimental and computational study of the impact of
increased flexibility in the pincer system on the reactivity of the
nickel complexes. Pincer flexibility can be modulated by both
the size of the heterocycle containing the bridgehead NHC
donor and by the nature of the side arms. With a more flexible
six-membered heterocycle, associated with two flexible
phosphine donors, the proligand 5 was recently used to readily
form pincer complexes of type 6 in which the pincer ligand
forms two five-membered metallacycles with Ni" or Pd", but no
intermediate with a carbanionic ligand (C,,;—M bond) was
observed in the course of the reaction (Scheme 3).”* Both the
larger ring size of the heterocycle and the CH, spacers between
P and N provided increased flexibility compared with the
situation in 2.9

Results and Discussion

We have now investigated the reactivity of a pincer precursor
platform combining a six-membered heterocycle of the hexahy-
dropyrimidinium type, which is more flexible than the five-
membered heterocycle in 1, and relatively rigid phosphane
arms, structurally similar to those in 3, but able to form two six-
membered metallacycles more flexible than the five-membered
metallacycles in 2. At this point, the main question was whether
the combined effects of the modifications introduced in the
functional imidazolium precursor 7 would result in the
formation of a 5-electron donor PCSp3HP alkyl pincer, as in 2, or
of a 6-electron donor PC""“P-type pincer ligand, as in 4 or 6.
Gratifyingly, the new bis(phosphino)pyrimidinium salt 7 (see
details in the Supporting Information) reacted with 1 equiv.
[Ni(cod),] in THF at room temperature to afford a neutral
complex that displayed a 'H NMR triplet resonance at & 3.30,
assigned to the NiC—H proton (J(P—H)=16.1 Hz) (Scheme 4).
An X-ray diffraction analysis established the tetrahedral environ-
ment around the Ni-bound carbon atom in [NiCI(PCSngP)] (8)
(Figure 1). The Ni" centre is in a distorted square-planar
coordination environment, with two trans phosphane groups
and a chloride ligand trans to the sp*-hybridized carbon
(Ni1—C1 1.942(1) A, C1-Ni1—Cl1=157.70(4)°). The heterocycle

. C)
NiCly(dme) or

(\| PdCly(cod) O\l
r \] e g | 7 °
PhoP ——=pj=—FPPh, | CI
P MeCN, |

room temp., 24 h cl
5 6

Scheme 3. Synthesis of P—-C""“~P pincer complexes of type 6.
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N GO N H N
7 1 equiv. NI(COd)Z
p—Ni-—p
room temp Ph, | Phy
th th THF Cl
7 8
TIPFg/ THF
room temp.
-TICI
CH,=CH, NN
THF |
o --\P PFy, < = pP—Ni~—pP PFq
Ph2 Ph2 th |L th
10 9

f; ;\ / CH,=CH,
very fas THE

@@

p—Ni~—P

) Ph,

A
not observed

Scheme 4. Formation of the PC,;"P pincer complex 8, chloride abstraction-
promoted H-migration from the C,,; carbon of 8 to Niin 9, ethylene
insertion into the Ni—H bond and migration of the ethyl ligand from Ni to
C" to restore a Cy,; carbon in 10. Theoretical calculations did not find any
pathway leading to A (see below).

Figure 1. View of the structure of [NiCl(PC,,;"P)] (8) in 8-C4H, with H atoms
and benzene molecule omitted for clarity. Only the P-phenyl ipso carbons
are shown. Thermal ellipsoids at the 50% probability level. Selected bond
lengths (A) and angles (deg): Ni1—C1 1.942(1), Ni1—Cl1 2.2486(4), Ni1—P1
2.1540(4), Ni1—P2 2.2017(4), Ni1-~N2 2.531(1); Ni1-C1-N1 120.23(9),
Ni1—C1-N2 95.52(9), C1—Ni1—-CI1 157.70(4), Ni1-C1-H1 110.7, P1-Ni1-P2
154.68(2).

has a distorted envelope-type conformation and is tilted with
respect to the Ni—C1 axis (angles (heterocycle
centroid)—C1—-Ni=127.8(1)° and (heterocycle centroid)—Ni—Cl=
137.5(1)°), which allows the N2 atom to get much closer to Ni
(Ni1--N2 2.531(1) A) than N1 (2.965(1) A), thus providing the
metal centre with additional electron density. This feature will
also be observed in other complexes with the PCSP3HP pincer
ligand (see below).

Chem. Eur. J. 2022, 28, €202104234 (3 of 11)

The lack of activation of the azolium proton by Ni° is again
remarkable since Ni® is highly competent for such C—H oxidative
addition reactions and we are aware of only two
precedents.®*%® The contrast between the isolation of 8 and the
formation of 4 (five-membered ring NHC but phosphane donors
similar to those in 8) or 6 (similar 6-membered ring NHC but
more flexible donor phosphane arms) nicely illustrates the
major impact of subtle modifications in pincer ligand flexibility.

Interestingly, the reaction of 8 with TIPF; in THF afforded a
new complex, 9, characterized by a '"H NMR resonance at &
—11.79 (t, 2J(H—P)=50.0 Hz), typical for a hydrido Ni complex
(Scheme 4). No signal corresponding to a NC,,;-H proton was
detected. This NHC complex was unambiguously identified by
analytical, spectroscopic methods and X-ray diffraction as
[NiH(PC"P)]PF, (9) (Figures 2 and S23). The Ni—C1 distance of
1.899(13) A is in the range of Ni—carbene bonds and, as
expected, is shorter than the Ni-alkyl bond in 8 (1.942(1) A). The
heterocycle is twisted with respect with the metal coordination
plane, the angles between the planes N1,C1,N2 and P1,Ni,C1,P2
being 60.1°. The Ni1—P1 and Ni1—P2 distances are identical,
likewise the Ni1—N1 and Ni2—N2 separations of 2.825(4) and
2.828(4) A, respectively, which are non-bonding, in contrast to
Nil-N2 in 8. Consistently, the angles (heterocycle
centroid)—C1—Ni and (heterocycle centroid)—Ni—H are 179.0(1)°
and 170.2(1)°, respectively. The hydride ligand was located by
Fourier difference (Nil-H1=1.570 A). Abstraction of the
chloride ligand in 8 has generated a temporarily vacant
coordination site at Ni that promoted the 1,2-migration of the H
atom from C,; to Ni in 9, thus completing the overall
pyrimidinium C-H oxidative addition reaction to Ni® which
converts 7 to 9.

In agreement with the lack of observation of a hydrido,
NmineCNHENImine nincer complex in the reaction of Scheme 1,
which contrasts with the relative stability of the hydrido
complex 9, attempts to abstract the chloride ligand from 2 with

Figure 2. View of the structure of the cationic complex in [NiH(PC""“P)]PF;
(9) with H atoms omitted for clarity, except the Ni—H. Only the P-phenyl ipso
carbons are shown. Thermal ellipsoids at the 50 % probability level. Selected
bond lengths (A) and angles (deg): Ni1—C1 1.899(13), Ni1—P1 2.132(4),
Ni1—P2 2.131(4), Ni1-H1 1.570; P1-Ni1—-P2 171.43(15), C1-Ni—P1 85.0(4),
C1—Ni—P2 86.7(4), C1—Ni1—H1 169.81, N1-C1—Ni1 121.3(9), N2—C1—Ni1
120.2(9), N1-C1-N2 118.5(11).

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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TIPFg in THF led to decomposition and no Ni—H signal was
observed by in situ 'TH NMR monitoring. These results confirm
the preference for C,,;"-Ni over C*"~Ni bonding in platforms
of type 2. Having established how the stepwise conversion of 7
to 9 occurs sheds light on the role of the anion associated with
the azolium salt: a non-coordinating anion leads directly to
carbene formation, as observed in Scheme 2, whereas a
coordinating anion allows first the isolation of a complex with a
Cspg”—Ni bond, as observed with 2 and 8.

Theoretical calculations provided insights into the mecha-
nism of formation of the hydrido complex 9 from 8. We
previously showed that H-migration in 2 from C,; to Ni to form
a NHC donor was thermodynamically disfavoured owing to
geometric  constraints associated with a hypothetical
N'™neCNHEN™e pincer, which are relaxed in the N™"C,,"N™"®
system of 2.°® Starting from 8, chloride abstraction leads to
coordinatively unsaturated 8, (Figure 3) from which H-migra-
tion to the cationic nickel centre affords a highly distorted
tetrahedral PCMP intermediate 8,,, with an associated barrier
(8rs;) of 23.8 kcalmol™". A pathway leading from 8,, to the trans
C"Ni—H product 9 would be associated with an energy
barrier (85, 33.4 kcalmol™), too high to be consistent with the
experimental conditions and no other path has been found.
However, the tetrahedral arrangement around Ni" in 8,,, typical
of a triplet state, is more stable (AG=16.4 kcalmol™') than the
computed singlet state (AG=20.4 kcalmol™"). We then relaxed
the structure of the triplet state 8,,; (AG=16.3 kcalmol™') from
which H—migration in trans position becomes very easy (8:s,1,
18.7 kcalmol™") to give the triplet precursor 8;; of 9. It is
noteworthy that 8; (AG= +6.4kcalmol™), a singlet state
intermediate retaining the conformation of the pincer in 8
(Figure 1), is less stable than the computed structure of 8. The
stabilisation of the hydride derivative 9 (AG=—4.3 kcalmol™")
results from a change in the conformation of the complex
(Figure 4), made possible by the higher flexibility of the pincer
ligand compared to that in 2. According to our calculations, the
formation of 9 is only possible because of the availability of this
low-lying triplet state.

8rs2

8 /
0.0 /

G0 -
o L0

Figure 3. Mechanism for the formation of 9. Energies are in kcalmol™".
Values in black stand for the singlet potential energy surface (PES) and in red
for the triplet PES. All H atoms except the migrating one are omitted for
clarity.

Chem. Eur. J. 2022, 28, €202104234 (4 of 11)

Figure 4. Views of the structures of 8;; (top) and 9 (bottom) along the
C—Ni—H axis.

The subtle influence of the relative rigidity/flexibility of the
pincer ligand is also apparent when comparing the (o-
diphenylphosphino) aryl substituents with the more flexible (di-
t-butylphosphaneyl) methyl groups, the former leading to an
increased stability for the hydrido complex 9 (see Supporting
Information, §1.15, Table S3 and Figure S30 for the crystal
structure of [NiF(P®'CM*“P®")IPF, (18)). Access to complex 9
prompted us to examine its reactivity towards ethylene. Nickel
hydrido species play a central role in numerous catalytic
reactions, such as the academically and industrially most
relevant Ni-catalysed oligomerization of ethylene, but they are
generally assumed rather than isolated.®****¢7%7479 Reaction of
a THF solution of 9 with excess ethylene at room temperature
afforded an orange solution from which single crystals of
10-2(C,H;0) were obtained (Scheme 4). Their 'H NMR spectrum
showed the disappearance of the Ni—H resonance of 9 and
contained new signals (a triplet and a quadruplet) correspond-
ing to an ethyl group (see Supporting Information).

The structure of [Ni(PC,;"P)IPFs (10) in 10-2(C,H,0) was
determined by X-ray diffraction (Figures5 and S24) and
established that after ethylene insertion into the Ni—H bond,

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. View of the structure of the cationic complex in [Ni(PC®P)]PF
(10-2(C4Hg0)) with the solvent molecules and H atoms omitted for clarity.
Only the P-phenyl ipso carbons are shown. Thermal ellipsoids at the 50 %
probability level. Selected bond lengths (A) and angles (deg): Ni1—C22
1.8964(13), Ni1—N2 1.9289(11), Ni1—P1 2.1088(4), Ni1—P2 2.1673(4), N1-C22
1.424(2), N2—C22 1.441(2), C22—C23 1.519(2), C23—C24 1.533(2); P1-Ni1-P2
130.07(2), C22—Ni1—P1 93.70(4), C22—Ni1-P2 129.12(4), N2—Ni1-P1
137.28(4), N2—Ni1—P2 90.94(4), C22—Ni1—N2 44.24(5).

the ethyl ligand has migrated to the NC""N carbene carbon to
generate a C,-hybridized carbon centre, with a typical
C22-C23 single bond of 1.519(2) A. The Ni1—C22 bond length
of 1.8964(13) A is shorter than the corresponding distance in 8
(1.942(1) A), and the pyrimidine N2 atom is at a distance of
1.929(1) A from the metal centre, which is also much shorter
than that observed in the structure of 8 (2.531(1) A). These
features are possibly related to the electron donor character of
the C22-bound ethyl group and consistently, the N2—C22 bond
is longer than N1-C22 (1.441(2) and 1.424(2) A, respectively).
This cationic complex can thus be viewed as containing a
pseudo-tricoordinate Ni' centre with a C22—Ni o-bond. This is
supported by a NCI analysis, that shows the absence of weak
interactions between the Ni cation and N2 or C22. Furthermore,
the presence of a o-hole along the Ni—N2 bond is typical of a
dative bond (see Figure 6). When considering the midpoint
MM of the C22-N2 bond, the Ni-M“™ distance is 1.772(2) A
and the M“"-Ni—P1 and M“™-Ni—P2 angles are 115.75(4) and
110.28(4)°, respectively.

Whereas ethyl migration from Ni to was observed by
Fryzuk and coll. when they reacted 4 with ethylene,”*’" no
formation of a Ni-ethyl group was observed when 2 was reacted
with ethylene and “direct” insertion of ethylene into the C,;—H
bond of 2 was envisaged, in agreement with theoretical
calculations (Scheme 5).®

It is interesting to contrast the formation of the N-
heterocyclic alkyl complex 10 with the Ni’-catalyzed coupling
reaction of simple azolium salts with ethylene affording C2-
ethyl-substituted azolium salts where the C2 carbon remains
sp’-hybridized.®™ Clearly, the pincer nature of the ligand
drastically alters the course of the reaction and we note that
migration of a preformed benzyl ligand to a C""“ has been
reported in Zr¥ and Hf¥Y OC™O pincer complexes,*® which

CNHC
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Figure 6. NCl analysis of 10, in green area are attractive van der Waals forces
and in red repulsive steric congestion.
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Scheme 5. Reaction of 2 with ethylene.”®

illustrates the broader relevance of such studies across the
Periodic Table.

We are now in a position to perform comparative theoret-
ical analyses on 2, 4 and 9 and their respective ethylene
insertion products to shed some light on the various steps
involved in the reaction mechanism. The first obvious difference
between these compounds is the presence of a hydrido ligand
in 4 and 9, contrary to 2. For 4 and 9, the mechanism of
ethylene insertion is straightforward (Figure 7). After coordina-
tion (structure 9,;), the ethylene molecule forms a C—H bond
with the hydrido ligand, leading to 9,,. In this structure, this
newly formed C—H bond is elongated (1.180A) and the
complex adopts a square based pyramidal structure, with the Ni
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Figure 7. Mechanism for the ethylene insertion in 9. Energies are in
kcalmol™'. All H atoms except the migrating one and those of the ethylene
are omitted for clarity.
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cation in the centre of the base. The resulting ethyl ligand is 1’
bound to the cationic metal centre through the H and C atoms.
It can then directly migrate on the NHC donor carbon atom to
form the carbanion. The associated transition state 9, is the
rate determining step with a barrier of 15.0 kcalmol™ so that
the reaction is very easy. Consistent with the failed attempts to
evidence/isolate a type A product (Scheme 4), no reaction path
leading to A has been found and A would be less stable (AG=
—7.5 kcalmol™") than the thermodynamic product 10 (AG=
—12.0 kcal mol™).

For comparison, we computationally revisited the situation
with 2 where the ethylene formally inserts in the C—H bond of
the carbanion (Scheme 5). Attempts to find a direct insertion
pathway failed and we were not able to coordinate the
ethylene to the complex. This step is hampered by the rigidity
of the tridentate pincer but decoordination of one of the imine
donors is energetically accessible (Figure 8). The first step is
thus a reorganisation of the Ni' coordination sphere (2,)
followed by the transfer of the hydride to the ethylene (2,, to
2,3i Figure 8). This is followed by a second reorganisation of
the Ni' coordination sphere to place the ethyl ligand in cis
position to the carbene (23 t0 2,4,;). This corresponds to the
highest barrier found of 31.1 kcalmol™' (2;s;3), much higher than
for 9. The ethylation of the carbene carbon is then achieved in
one step through 2., This is followed by the final recoordina-
tion of the imine donor to form 2.

For both 4 and 9, the mechanisms involve a hydride
intermediate of which the stability allows a fast ethylene
insertion in few steps with low energy barriers and without
large geometric changes. In 2, the hydrido complex being
unstable, likewise for the coordination of the ethylene, the

mechanism requires several drastic reorganisations of the Ni'
coordination sphere. This major difference can be attributed to
the rigidity of the tridentate ligand in 2.

We also examined the reactivity of 8 towards bases and its
reaction with KHMDS in toluene afforded a major compound 11
that precipitated as dark red microcrystals from the reaction
mixture owing to their poor solubility (Scheme 6). Its formation
was accompanied by a minor product, which was subsequently
obtained in higher yield using another protocol and identified
as 15 by X-ray diffraction (see below). The disappearance of the
'H NMR resonance assigned to the NiC,,—H proton of 8
indicated the formation of a carbene in 11, which was
confirmed by reaction of the latter with PPh; and CH,Cl, (see
below). Complex KINiCI(PC"“P)] (11) was shown to be the
potassium salt of an anionic, formally Ni° complex coordinated
by a NHC, two phosphanes and a chloride (see Supporting
Information). A related Ni° complex has been recently de-
scribed, with 1-N-DiPP-benzimidoyl instead of phosphane
pendant arms, and shown to activate ammonia,®” which did
not occur in our case. The electron-rich nature of the metal
centre in the nickelate complex 11 explains its reaction with
CH,Cl, which yielded compound 12 containing a cationic,
square planar Ni' PC""“P pincer complex associated with a
tetrahedral [NiCl,]>~ dianion (Supporting Information). An X-ray
diffraction  analysis  confirmed its  formulation as
[NiCI(PC""“P)1,[NiCI,]-CH,Cl, (12-CH,Cl,) (Figures 9 and S25). The
bonding parameters in 12 are as expected for a NHC ligand
coordinated to Ni" and the twist of the heterocycle leads to an
angle of 62.1° between the N1-C1-N2 plane and the mean
metal coordination plane.
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Figure 8. Mechanism for the ethylene insertion in 2. Energies are in kcalmol~". All H atoms except the migrating one from 2, to 2, are omitted for clarity.
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Scheme 6. P—C Bond activation in 8 affording the C—C""“~P pincer complex
15 with a terminal phophinido ligand; C—Cl bond activation by the Ni°
complex 11 and reactions of 13 with acidic reagents.

Figure 9. View of one molecule of the cationic complex of 12 in
[NiCI(PC°P)],[NiCl,]-CH,Cl, (12-CH,Cl,) with H atoms omitted for clarity. The
dianion [NiCl,]*” and the solvent molecule are not shown. Only the P-phenyl
ipso carbons are shown. Thermal ellipsoids at the 50 % probability level.
Selected bond lengths (A) and angles (deg) in one of the molecules: Ni1—C1
1.911(4), Ni1—Cl1 2.1676(11), Ni1—P1 2.1854(11), Ni1—P2 2.1818(11), C1—N1
1.336(5), C1-N2 1.347(5); C1-Ni1—Cl1 176.64(12), P1-Ni1—P2 165.70(4),
Ni1—C1-N1 120.4(3), Ni1-C1—N2 121.4(3).
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Interestingly, the reaction of 11 with PPh; in toluene
resulted in KCl precipitation and formation of a more soluble,
neutral Ni° complex [Ni(PC""“P)(PPh.)] (13; Scheme 6). Its crystal
structure established the distorted tetrahedral coordination
environment of the metal, constituted by the PC""“P pincer and
a PPh; ligand (Figures 10 and S26). The bonding parameters are
consistent with such a Ni® NHC complex.

It is noteworthy that the reaction of 13 with HCl afforded 8
in an oxidative addition-type process that transforms the
NHC:—Ni unit into a C,,;H-Ni—Cl moiety. Whether this occurs
by oxidative addition of HCl at Ni° followed by H migration
from Ni to C"" (the reverse of the conversion from 8 to 9), or
by “direct addition” across two centres, cannot be stated at this
stage. Organic molecules with an acidic H also react with 13, as
shown with HC=CPh which yielded the structurally character-
ized phenylacetylide complex [Ni(C=CPh)(PC,,"P)]  (14;
Figures 11 and S27). Consistently, no reaction occurred between
13 and aniline. These reactions highlight the reactivity of the
Ni®~CM moiety, and the ability of the PC"*P pincer to stabilize
both Ni® and Ni' complexes while the PC.;"P pincer is only
encountered in Ni' chemistry. In 14, the Ni1-C,; bond
(1.960(2) A) has a length similar to that in 8 and is trans to the
Ni1-C,, bond (Ni1-C41=1.890(3)A). As was observed in
complexes 8 and 10 containing a PC5p3HP pincer, one of the
heterocycle N atoms is closer to Ni than the other (Ni1-N1=
2.576(2) and Ni1-N2=3.008(2) A) but the Ni-N distances are
much more similar to those in 8. The N1-C1-N2 plane makes
an angle of 81.1(1)° with the metal coordination plane.

When the reaction of 8 with KHMDS was performed in DME
instead of toluene, the product was much more soluble and
formation of 11 was not observed. Instead, HCl elimination

Figure 10. View of the structure of [Ni(PC""“P)(PPh,)] (13) with H atoms
omitted for clarity. Only the P-phenyl ipso carbons of the pincer ligand are
shown. Thermal ellipsoids at the 50% probability level. Selected bond
lengths (A) and angles (deg): Ni1—C1 1.9286(14), Ni1—P1 2.1379(4), Ni1—P2
2.1289(4), Ni1—P3 2.1624(4), N1-C1 1.375(2), N1—-C2 1.381(2); C1—-Ni1—P3
120.38(4), P1-Ni1-P2 117.61(2), P1-Ni1—P3 110.21(2), P2—Ni1-P3 113.75(2),
N1—C1—Ni1 120.95(11), N2—C1—Ni1 123.82(10), N1-C1-N2 113.74(12).
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Figure 11. Structure of [Ni(C=CPh)(PC,,;"P)] (14) with H atoms omitted for
clarity. Only the P-phenyl ipso carbons of the pincer ligand are shown.
Thermal ellipsoids are shown at the 50% probability level. Selected bond
lengths (A) and angles (deg): Ni1—C1 1.960(2), Ni-N1 2.576, Ni1—P1
2.1649(7), Ni1—P2 2.1297(7), Ni1—C41 1.890(3), C41-C42 1.212(4), N1-C1
1.463(3), N2—C1 1.481(3); N1—C1—Ni1 96.54(15), N2—C1—-Ni1 121.27(16),
C1—Ni1—-C41 163.96(11), P1-Ni1—P2 155.76(3), Ni1—-C41-C42 173.2(2).

resulted in carbene formation and a remarkable intramolecular
rearrangement yielded [Ni(PPh,)(CC""°P)] (15) with a Ni" centre
in a square planar coordination environment, as established by
X-ray diffraction (Figures 12 and $28). Thus, following C—P bond
activation, a PPh, group has migrated from the pincer ligand to
the metal to give a still rare example of terminal phosphanido
ligand on Ni, with concomitant formation of a direct C,,—Ni
covalent bond. To the best of our knowledge, this rearrange-
ment is unprecedented in pincer chemistry. We suggest that it
occurs via a formally tricoordinate, reactive Ni° species where
the metal inserts into a pincer C—P bond (see Scheme S1 in the
Supporting Information). The *'P NMR singlet of 8 at § 4.0 is
replaced in [Ni(PPh,)(CC"“P)] (15) by an AB pattern at §=48.32
and 16.68 (3J(P—P)=30.1 Hz) for the phosphanido and phos-
phane ligands, respectively. The chemical shift of the former
resonance is consistent with values reported very recently for
Ni" complexes containing terminal diphenylphosphanido
ligands.®™ The Ni1—C1 and Ni1—C16 bond lengths of 1.934(2)
and 1.935(2) A are consistent with C,p-hybridized carbon atoms.
The Ni1—P2 bond length of 2.2178(5) A indicates a terminal
phosphanido ligand in trans position to a ligand with a strong
trans-influence.® The Ni1—P1 bond length of 2.2019(5) A is also
indicative of the trans influence of the aryl ligand at C16. It is
interesting to recall that reactions related to a “reverse” of the
P—C bond breaking reaction leading to 15 were observed (i) in
Ni" phosphinite/phosphane complexes,® (ii) when metallacyclic
Pd" complexes containing C,P and P,O chelates were reacted

Chem. Eur. J. 2022, 28, €202104234 (8 of 11)

Figure 12. View of the structure of [Ni(PPh,)(CC""P)] (15) with H atoms
omitted for clarity. Only the ipso carbons of the phenyls at P1 are shown.
Thermal ellipsoids are shown at the 50% probability level. Ni1—C1 1.934(2),
Ni1—C16 1.935(2), Ni1—P1 2.2019(5), Ni1—P2 2.2178(5), C1-N1 1.356(2),
C1—N2 1.344(2); C1—Ni1-P2 170.79(6), C1—Ni1—C16 83.27(8), C1—Ni1—P1
85.84(6), C16—Ni1—P1 156.71(6), P1-Ni1—P2 91.58(2), N1-C1—Ni1 130.3(1),
N2—C1—Ni1 112.7(1).

with PPhCl, with formation of C—P and O—P bonds,®®*¥ and in
Pt cluster chemistry with the reductive coupling of a bridging
u-PPh, group with a cis-phenyl ligand to form a PPh, ligand.®!
Note, however, that in cases (i) and (ii), the PR, group does not
originate from a phosphanido ligand.

In toluene, 11 is likely present as a tight ion-pair, where the
potassium cation is possibly close to the chloride ligand, which
prevents the rearrangement leading to 15. However, upon
dissolution of 11 in THF or DME, KCl precipitated, generating a
transient reactive Ni° species and rapid formation of 15 was
observed. Furthermore, monitoring a solution of pure 13 by *'P
NMR in benzene or THF showed that partial dissociation of PPh,
occurred with concomitant formation of 15, which supports the
involvement in both cases of a formally tricoordinate, reactive
Ni° species as intermediate. This hypothesis is supported by the
computed mechanism. We modelled the evolution of 8 in
toluene and in DME after its reaction with KHMDS. In both
cases, a neutral Ni° complex 8N was obtained, weakly
interacting with KCl through the potassium and not the
chlorine. A key difference is that the departure of KCl from 8N is
exergonic in DME and endergonic in toluene. The subsequent
Ni° insertion into the C—P bond is associated with very low
energy barriers for 8N, in both solvents: AG=13.3 and
16.1 kcalmol™" in DME and toluene, respectively (Figure 13).
Such low and similar barriers cannot explain the difference in
reactivity, and it is most likely the low solubility of KCI in
toluene that prevents its dissociation and thus inhibits the
reaction.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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leading to 15, in red are the values in toluene and in black in DME. Energies
are in kcalmol™".

Furthermore, 13 reacted with phenol (pKa=10), another
compound with an acidic proton, to afford 16, which was
characterized by X-ray diffraction as a phenoxy derivative in
which P—C bond activation of the pincer has occurred, like in 15
(Scheme 6 and Figures 14 and S29). It is reasonable to assume
that the phenol assisted the displacement of PPh; from 13,

Figure 14. View of the structure of [Ni(OPh)(CC""P)] (16) with H atoms
omitted for clarity. Only the ipso carbons of the phenyls at P1 are shown.
Thermal ellipsoids at the 50% probability level. Selected bond lengths (A)
and angles (deg): Ni1—C1 1.9036(14), Ni1—C6 1.8975(15), Ni1—P1 2.2242(4),
Ni1-01 1.876(1), N1-C1 1.348(2), N2—C1 1.357(2); C1-Ni1-0O1 165.65(5),
C1—Ni1—C6 83.18(6), C1—Ni1—P1 85.94(4), P1—Ni1—C6 154.12(5), O1-Ni1—C6
91.52(6), O1-Ni1—P1 104.02(4), Ni1-01—-C29 129.8(1), N1-C1-Ni1 113.8(1),
N2—C1—Ni1 129.5(1).
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favouring the formation of 15 which reacted with PhOH to
eliminate the phosphanido ligand as HPPh, and give [Ni-
(OPh)(CC™P)] (16). This was verified by a NMR experiment
where a benzene solution of pure [Ni(PPh,)(CCMP)] (15) was
reacted with phenol and rapid and quantitative formation of
[Ni(OPh)(CC""“P)] (16) was observed. In contrast, upon addition
of methanol (pKa=15.5) to 13, no O—H bond activation
occurred, and only reversible coordination of the alcohol was
observed by 'H NMR spectroscopy, consistent with its lower
acidity. The structure of 16 is similar to that of 15, with the Ni
centre in a slightly distorted square planar environment and a
phenoxy ligand replacing the phosphanido ligand. Its bending
(Ni1—01—-C29 129.8(1)°) is consistent with an essentially o-
bonding interaction with the metal centre. There is a slight tilt
of the NHC ligand, which results in different Ni1-N1 and
Ni1—N2 distances of 2.741(1) and 2.959(1) A, respectively. The
other metrical data are comparable with those of other
complexes described in this work.

These C—P bond activation and C—Ni and P—Ni bond
forming reactions were initially promoted by the liberation of a
coordination site at Ni in 8 resulting from HCl elimination and
formation of a tricoordinate, Ni° intermediate (Scheme ST in
Supporting Information). Accordingly, and as shown with the
isolation of 13, addition of a neutral donor ligand, like PPh,,
that can occupy this vacant coordination site, prevents this
process, which can be described as an intramolecular Ni°
insertion into the C,,—P bond. Having now characterized 15,
we could identify that it was the minor product detected by *'P
NMR in the reaction of 8 with KHMDS in toluene, which
afforded 11 as the major product. The poor solubility of 11 in
toluene hampered its subsequent transformation, in contrast to
the situation in DME, and this emphasizes the critical role of the
solvent in such reactions.

Conclusion

It was found that combining in a Ni-coordinated pincer ligand a
bridgehead NHC donor from a flexible six-membered pyrimi-
dine-type heterocycle with rigid phosphane donors as side
arms results in a number of unique features. First, reaction of
the proligand azolium C,,,—H bond by [Ni(cod),] leads to its
reduction and generates a carbanionic ligand (with a Ni—C,;
bond) in [NiCI(PC,,;"P)] (8) rather than the expected carbene
donor (with a C""“-Ni bond). Subsequent halide abstraction
from 8 generates a vacant coordination site at the metal that
triggers its transformation in the NHC, hydrido complex
[NiH(PC""P)]PF, (9). If ethylene inserts into the Ni—H bond of
the latter complex, no Ni—Et complex was observed because of
rapid ethyl migration with C—C bond formation involving the
N—C—N carbon of the heterocycle, as was evidenced with the
characterization of [Ni(PC®*P)IPF4 (10). Our results underline the
subtle balance of electronic and steric effects in C—H bond-
activation and C—C bond-formation processes that are central
to reactivity and catalytic studies and allow to better under-
stand and rationalize previous results on related systems.
Finally, an unprecedented C—P bond activation reaction result-
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ing in the transformation of the P—C""“~P pincer of 8 in a
C—C™_p pincer with formation of a Ni' complex with a
terminal phosphanido ligand in [Ni(PPh,)(CC""“P)] (15) is not
only of fundamental interest but also shows that the thermody-
namic stability brought about by a pincer platform does not
preclude its reactivity and transformation in a different and
unexpected pincer system. This can serve as a caveat in further
studies with phosphane-containing pincer ligands. That all
these bond forming/breaking reactions were found to readily
occur in the coordination sphere of a Ni centre highlights the
versatility of this metal, consistent with its central role in
catalytic transformations. Theoretical calculations allowed to
rationalize the experimental observations and suggested the
sequence of elementary steps involved, which open new
perspectives and provide guiding tools for further develop-
ments.

Deposition Numbers 2116366 (8-C4Hg), 2116367 (9), 2116368
(10-2(C,H;0)), 2116369 (12:CH,Cl,), 2116370 (13), 2116371 (14),
2116372 (15), 2116373 (16) and 2116374 (18) contain the
supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallo-
graphic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service.
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