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We have synthesised and characterised the complex Ni(tpy), (tpy =
2,2":6',2"-terpyridine). This formally Ni(0) complex is paramagnetic
both in the solid state and in solution (S = 2). The crystal structure
shows an octahedral geometry, with molecules arranged in inde-
pendent dimers involving w-stacking between pairs of complexes.
Magnetic measurementes and DFT calculations suggest the exist-
ence of temperature-dependent intermolecular antiferromagnetic
coupling in the solid state.

The importance of Ni complexes as catalysts for synthetically
useful reactions has experienced a renaissance in recent
years." The accessibility of a wide variety of oxidation states
has allowed the discovery of novel activation pathways of
simple substrates and the development of multicomponent
reactions for the ready preparation of complex organic sub-
strates.> Especially relevant are Ni(i) derivatives, which have
been proposed as intermediates in C-C bond formation reac-
tions such as cross-couplings of alkyl and aryl halides with
organomagnesium and organozinc reagents,® and haloalkane
carboxylation reactions.* The occurrence of several oxidation
states along the catalytic cycles allows complex cascade pro-
cesses leading to the formation of several C-C and C-B bonds,
such as cyclization-couplings,” difunctionalization of alkenes
with alkyl and aryl halides,® and diborylative cyclization of
enynes.” Part of the success of these reactions relies on the use
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of redox-active ligands capable of stabilizing different oxi-
dation states.® A general feature of such ligands in Ni-based
catalytic systems is their capability to tune their reactivity by
delocalizing electrons from the metal. Thus, the spin density
in an open shell complex will not be localized on the metal
centre but it will be partially delocalized on the ligands. This
effect may confer special stability and modulate the reactivity
of radical metal complexes. 2,2":6',2"-Terpyridine (tpy) is an
important ligand in synthetically useful Ni-catalyzed reac-
tions,” and it may stabilize low-valent Ni complexes. In fact, it
participates in the first isolated Ni(1) organometallic derivative
(CH,)Ni(tpy), a 17-electron square-planar complex.'
Calculations show the unpaired electron lying mainly on the
n* orbitals of tpy, rendering an anionic ligand coordinated to a
Ni(u) center. However, the actual behavior depends on the rest
of the ligands on the coordination sphere. Thus, the analogous
Br derivative shows a metal centered SOMO instead (Fig. 1)."*
Polydentate pyridine-based ligands have been extensively
used in Ni-catalyzed synthetically useful reactions involving
organometallic intermediates.'> The accessibility of Ni(1) is
especially relevant in this context, and the formation and the
electronic structure of these kinds of complexes have been
studied both experimentally and computationally.****** Some
years ago, preparation of a complex with Ni(tpy), formula was
published, and the electronic structure of different putative
geometries for this molecular formula were studied by DFT
methods.' Nevertheless, no spectroscopic or crystal structure
data were reported. On the basis of its diamagnetic character

Redox-active ligand

~
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-

L = CHg: ligand centered SOMO
L = Br: metal centered SOMO

Fig. 1 Terpyridine may act as a redox-active ligand in Ni()) complexes.
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in the solid state and calculations, it was proposed to have the
tetrahedral arrangement that could be expected for a common
Ni(0) complex. For an alternative octahedral arrangement, cal-
culations suggested electron delocalization on both terpyridine
ligands, as it could be expected from previous studies on for-
mally Ni(1) organometallic complexes with this and related
ligands.

We became interested in the actual structure of Ni(0)-tpy
complexes, since they may presumably be involved as precata-
lysts in the Ni-catalyzed diborylative cyclization of enynes we
have previously reported.” In addition, determination of crystal
structures may help to shed light on their electronic structure.
Thus, we tried to isolate and characterize species formed when
Ni(0) precatalysts react with tpy in the absence of other
reagents. In contrast to previous report,’! the reaction of Ni
(cod), with tpy at room temperature in toluene led to a dark
blue solution from which crystals of Ni(tpy), (1) were obtained
(Fig. 2)." It is important to mention that these conditions
differ from those previously reported for the preparation of the
diamagnetic complex with the same empirical formula tetra-
hedral isomer (cyclohexane, 12 h, 80 °C). This emphasizes that
solvent and reaction conditions are critical in isolating the
octahedral compound.

After extensive experimentation, we found that slow vapor
diffusion of pentane at —25 °C (24 h) over a solution of a
mixture of Ni(cod), and tpy afforded dark blue crystals suitable
for X-ray diffraction. Crystal structure determination showed
an unexpected octahedral Ni(tpy), complex with the asym-
metric unit containing two [Ni(tpy),]° molecules in general
positions (Fig. 3).

The average Ni-N bond lengths of 2.127(7) [outer] and
1.985(4) [inner] A slightly differ from the ones found for
Ni"(tpy),Cl, (2.02-2.14) A,'® and are similar those found for
dicationic [Ni(ftpy),]** (ftpy = 4'-(furan-2-yl)-tpy) of 2.107(8)
[outer] and 1.991(5) [inner] A."” More telling, however, are the
average C-C bond lengths between pyridine rings, which is
1.456(12) A for our structure and 1.493(12) A for [Ni(ftpy),]*","”
the latter which is consistent with that of free tpy at 100 K.'®
This trend is seen in the Fe system in which the average C-C
bond lengths between pyridine rings shorten in going from [Fe
(tpy)]*" to [Fe(tpy)]®, 1.467(4) to 1.452(4) A, which Wieghardt
attributes to reduction of the ligands.'® Moreover, Ni°(bpy),
shows shorter Ni-N distances, around 1.92 A,"* and Ni'(tpy)R
(R = Br, Me) range between 1.92-2.04."%'" Thus, our complex

toluene
_

Ni(cod), + 2 |
23°C, 10 min

cyclohexane 80°C,12h

1 INiZ*(tpy)a]

Tetrahedral [Niz*(tpy')z] (ref. 14)

Fig. 2 Preparation of Ni(tpy), complexes.
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Fig. 3 Anisotropic displacement ellipsoid plot at the 50% probability
level with hydrogen atoms omitted.

is best described as [Ni**(tpy"),]°, a nickel(u) center with two
radical anionic tpy ligands.

Inspection of the crystal packing shows that molecules of
the complex interact by stacking of tpy ligands with some of
their neighbours, whereas other close molecules show just
edge-to-face interaction between the ligands. Thus, three kinds
of dimeric units can be considered in this structure (Fig. 4).

The "H-NMR in spectrum of the isolated crystals dissolved
in d®THF shows the paramagnetic character of this com-
pound, with signals expanding between 160 and —140 ppm
(see ESI).>° On the other hand, quantitative EPR shows a
signal corresponding to a complex with S = 1/2. However, this
species only represents 1% of the total sample which suggests
that the major species has S = 1 or 2. Following the Evans
method, which uses difference in the NMR chemical shift in a
solvent caused by the presence of a paramagnetic species,'” we
measured the effective magnetic moment (uf) in the solution
of complex 1, obtaining a value of 4.9(2)ug in THF and 5.2(2)ug
in toluene. These results are consistent with a § = 2 ground-
state for 1 in solution.

This complex is also paramagnetic in the solid state, in con-
trast to previously reported species which is diamagnetic.'* Its

Fig. 4 Three different arrangements for neighbouring molecules of Ni
(tpy)2. | and Il show stacking pyridine ligands and different edge-to-face
interactions; 1l presents just edge-to-face interactions, without stacking
rings.
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magnetic moment decreases from 3.8up at 298 K to 1.4 at 2 K
(Fig. 5). In contrast, the analogous M°(tpy), complexes of Ti,*!
Cr,”* Mo,** and W,** are diamagnetic (S = 0) despite they show
very similar crystal structures. On the other hand, Fe and Ru
derivatives show S = 1,'° showing same unit cell and packing
as 1, as well.

We studied the electronic structure of the octahedral
complex by DFT calculations at M06-2x/6-31G(d) (C,H,N), Ni
(LANL2DZ) level, functional for different spin multiplicities.>®

For isolated Ni(tpy), molecules of complex 1, which are the
expected to be in solution, the quintet ground state is far more
stable compared with the singlet and triplet states (Table 1).>*

Moreover, the quintuplet structure shows an octahedral
arrangement, whereas the calculated triplet has a distorted
tetrahedral structure, with two non-coordinated N atoms (one
of each ligand) and the singlet being highly distorted. The
high stability of the quintet is in accord with the Evans
measurement in solution, which suggested S = 2 for complex
1. On the other hand, the singly-occupied molecular orbitals
for the four unpaired electrons are all ligand-centered (Fig. 6)
which further supports a Ni(i) metal center coordinated to two
anionic tpy ligands, as suggested by the crystal structure.

Then we extended our study to pairs of molecules, and con-
sidered the three kinds of arrangements, which can be distin-
guished in the crystal structure (Fig. 4), as models.

We computed the energy of these dimers for different spin
states by broken-symmetry (BS) DFT calculations,> which
allow to assign different spin multiplicities to the Ni com-
plexes in the dimer to determine the energy for complexes
with possible antiferromagnetic coupling. We took the atomic
coordinates from the crystal structure and calculated the
energy for the three models. As it can be seen in Table 1
(center), the most stable arrangement corresponds to the
nonaplet dimer I showing n-stacking interaction between pyri-
dines of two different complexes. The alternative nonaplet
species are slightly less stable (2.2 and 2.0 kcal mol™* for II
and III, respectively). These results indicate that z-stacking
does not stabilize nonaplet spin states significantly. On the
other hand, singlet states for dimer III, which lacks stacking
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4.0+
0.12
3.5+
0.10 =X
o 30
£ 3.0 Z\
-~ 0.08 ©
e 2.5 3
[ c
= 204 7 0.06 3
(=}
1.54 0.04 =
1.0+ 0.02
0.5 T T r 0.00
0 50 100 150 200 250 300
T/K

Fig. 5 Temperature dependence of the molar susceptibility ym (red
circles) and peg. (blue triangles) for solid Ni(tpy), at 0.5 T.
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Table 1 Calculated relative energies for Ni(tpy), and the dimeric sub-

units (kcal mol™). m = 2S + 1 (spin multiplicity). M06-2X/6-31G(d) (C,H,
N) LANL2DZ (Ni)

Ni(tpy), optimized structures

S=0,m=1 S§=1,m=3 S=2,m=5
", :,EE,; (singlet) (triplet) (quintet)
-«.7:'.‘
Relative E 0 -28.9 —44.2
Relative G (298 K) 0 -31.8 —46.8

Relative energy for different [Ni(tpy),], Single-point calculation on
crystal structure fragments.

S=4,m=9 S =0 (two S =0 (two
(nonaplet) triplets) quintets)
0 28.7 4.0
2.2 43.1 4.2
e f"x
g
%:é 2.0 30.5 39.4
m
[Nl(tpy)z]z optimized structures
S=4,m=9 S =0 (two S =0 (two
(nonaplet) triplets) quintets)
Relative E 0 5.7 +1.7 (-0.6)°
Relative G (298 K) 0 10.9 2.3

¢ Using SCF = QC as option in Gaussian optimization. See ref. 24.

interactions, show much higher energies, regardless they are
formed by either two triplet or quintet complexes (30.5 and
39.4 kcal mol™, respectively). On the other hand, regarding
the dimers with n-stacked pyridines (I and II), the singlet (two-
triplet) states are also considerably unstable compared to the
nonaplets (28.7 and 43.1 kcal mol™", respectively). The results
are in accord with the high magnetic moment measured in the
solid state at room temperature. In contrast and noticeably,
the corresponding singlet dimers composed of two quintets
for both I and II lye only 4.0 and 4.2 kcalmol ™" above the nona-
plet, in sharp contrast with the energy obtained for the edge-
to-face dimer without stacking interactions (IIT) which is much
more eunstable (AE = 39.4 kcal-mol™"). These results suggest
that antiferromagnetic coupling is feasible for the stacked
molecules, considering the error inherent to the compu-
tational approach. The relative energy values are significant in
this case to derive these conclusions.

This journal is © The Royal Society of Chemistry 2024
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SOMO 4

SOMO 3

Fig. 6 Calculated singly-occupied molecular orbitals for Ni(tpy), in the
quintuplet state in decreasing order of energy from SOMO1 to SOMO 4.

Then, we performed structure optimizations for the
n-stacked dimer in the three different spin states. This leads to
structures different from those found in the crystal but may
provide further structural information. As shown in Table 1
(bottom), the most stable structure at room temperature
corresponds to the nonaplet dimer (in terms of G). However,
the energy of the antiferromagnetic singlet dimer in which
both Ni(tpy), units are quintets might be more stable at low
temperature, according to the calculated electronic energy.”*
In any case, the energy difference compared to the nonaplet is
very small and within the error of the calculations. Population
of the high-spin state accounts for the overall magnetic
moment observed at room temperature. Inspection of the
molecular orbitals of the dimeric units for the singlet dimers
containing two quintet units (HOMO to HOMO-5), show that
external electrons are located on the ligands n* orbitals and
not on the metal centers (Fig. 7).

Comparison of the distances between centroids of pyridine
rings in the crystal structure between 1 and the Fe and Ru ana-
logues suggests that this kind of interaction could also operate
in these derivatives (see ESIf).

In conclusion, coordination of two terpyridine ligands to Ni
(0) induces the electron transfer to the n* orbitals of the
ligands, affording an octahedral quintet complex which
should be considered as a Ni(u) species with two anionic tri-
dentate ligands. In the solid state, close molecules may inter-
act through ligand stacking and may couple antiferromagneti-
cally, being the global magnetic moment dependent on the
temperature. The high stability of the singlet dimers composed
of quintets compared to other spin states, along with the
difference of energy calculated on models for the different
arrangements of molecules found in the crystal structure sup-
ports this proposal. This could be also the case for complexes
of other transition metals. We can envision that incorporation
of functional groups in the terpyridine ligands, or the use of

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Calculated two-electron occupied molecular orbitals for singlet
dimeric units containing two quintuplet complexes 1. HOMO-2 and
HOMO-5 are responsible for the interaction between subunits.

other polydentate ligands may lead to new structures with
extended electron delocalization. that may lead to new interest-
ing solid-state structures or novel Ni precatalysts.
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