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ABSTRACT: The two-coordinate cationic Ni(I) bis-N-
heterocyclic carbene complex [Ni(6-Mes),]Br (1) [6-Mes
=1,3-bis(2,4,6-trimethylphenyl)-3,4,5,6-tetrahydropyrimi-
din-2-ylidene] has been structurally characterized and
displays a highly linear geometry with a C—Ni—C angle of
179.27(13)°. Density functional theory calculations
revealed that the five occupied metal-based orbitals are
split in an approximate 2:1:2 pattern. Significant magnetic
anisotropy results from this orbital degeneracy, leading to
single-ion magnet (SIM) behavior.

he strategy of employing sterically encumbered ligands for

the stabilization of low-coordinate transition-metal
complexes has proven to be particularly useful for the isolation
of ML, species.' Bulky amide, alkyl, and aryl groups have all
been utilized for the synthesis of stable first-row metal
derivatives for V to Ni with open-shell electronic config-
urations. In a recent review, Power noted that among the
structurally characterized examples, <20% display a strictly
linear geometry.” Such species are of particular interest as they
may display unquenched first-order orbital angular momentum,
thus generating intrinsic magnetic anisotropy.” Molecules with
a nonzero spin ground state and significant anisotropy can give
rise to a barrier to the magnetization relaxation. Such molecules
are termed single-molecule magnets (SMMs), and they have
promising applicability in molecular electronics.* In recent
years, mononuclear cobalt and iron complexes have shown
single-ion magnet (SIM) behavior,* " but no other mono-
nuclear SIMs based on transition metals have been reported.
Here we report that the cationic, two-coordinate Ni(I) N-
heterocyclic carbene (NHC) complex [Ni(6-Mes),]Br (1)°
exhibits SMM behavior as a result of orbital degeneracy. The
presence of the two bulky six-membered-ring NHC ligands
enforces a highly linear geometry in 1, which represents only
the second fully characterized example of a two-coordinate
Ni(I) species.®
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Complex 1 was isolated as a cream-colored solid in 60% yield
upon addition of 1 equiv of the free six-membered NHC 6-Mes
to a THF solution of the three-coordinate Ni(I) species Ni(6-
Mes)(PPh,)Br.” Despite having a formal electron count of 13,
1 could be handled in air for several minutes without any
change in color; indeed, no change in the paramagnetic NMR
spectrum was observed over 30 min even upon exposure of a
CD,Cl, solution of the complex to air! The X-ray crystal
structure (Figure 1)® revealed a highly linear system [C—Ni—C

Figure 1. X-ray crystal structure of the cation in [Ni(6-Mes),]Br (1).
H atoms have been omitted for clarity. Thermal ellipsoids are shown at
30% probability.

angle of 179.27(13)°] with Ni—C distances of 1.939(3) and
1.941(3) A. The Ni(I) ion is encapsulated in a cage formed by
the mesityl groups, thus preventing any further coordination.
No close contacts to the mesityl substituents were apparent
from the X-ray data. In the crystal lattice, one Br~ counterion
and two CH,Cl, molecules of crystallization were found
[Figures S1 and S2 in the Supporting Information (SI)]. Close
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inspection of the packing arrangement revealed a closest Ni---
Ni distance of 10.3 A, thus precluding any intermolecular
magnetic interactions (vide infra).

A cyclic voltammogram of 1 (Figure 2) showed the presence
of a chemically reversible (ip,a/ e = 1.0) and electrochemically
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Figure 2. CV before electrolysis of a 0.5 mM solution of 1 in 0.1 M [n-
Bu,N]PF;/THF. A carbon rod was used as the working electrode, a Pt
wire as the counter electrode, and Ag/AgNO; (0.01 M in MeCN) as
the reference electrode. Scan rate = 150 mV s™.

quasi-reversible (E,, — E,. = 171 mV) wave associated with the
one-electron reduction of Ni(I) to Ni(0) at —1.32 V vs NHE in
THE. The one-electron nature of the process was corroborated
by bulk electrolysis at an applied potential of —1.66 V (see the
SI). Scanning anodically, a chemically irreversible wave was
found at E,, = 1.21 V that was assigned to the Ni(II)/Ni(I)
couple (Flgure $3). Chemical reduction of 1 was accomplished
with KCq in THF to generate the Ni(0) derivative Ni(6-Mes),
(2), which was isolated as an extremely air-sensitive deep
purple solid. A highly linear C—Ni—C geometry [177. 71( 10)°]
is retained in the molecular structure of 2 (Figure 3)° but is
accompanied by a distinct shortening of the Ni—C distances to
1.852(2) and 1.868(3) A.
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Figure 3. X-ray crystal structure of Ni(6-Mes), (2). Hydrogen atoms
are omitted for clarity. Thermal ellipsoids shown at 30% probability.

The key structural features of 1 and 2 were reproduced by
density functional theory (DFT) calculations (BP86)," in
particular the near-linear geometries of the two species and the
shortening of the Ni—C distances upon reduction (average Ni—
Ceuc: 1945 A in 1; 1.869 A in 2). The associated electronic
structure is most clearly seen for the closed-shell species 2

(Figure 4), which exhibits five occupied metal-based orbitals in

13641

- 3 @ e
: 90 '
] ) L ¢
2e,4(-2.01 V)
10, (-2.44 eV)
1e,; (-2.80 eV)

Figure 4. Highest-lying occupied molecular orbitals of 2, with
associated energies. Symmetry labels reflect local D, symmetry at
the metal center, and average energies are given for the e, pairs (which
differ in energy by <0.02 V). Mesityl substituents have been truncated
at the ipso carbon for clarity.

an approximate 2:1:2 splitting pattern. Within this, the near-
degenerate HOMO corresponds to the Ni d,, and d,, orbitals,
and these lie ca. 0.4 eV above a o-type orbital at —2.44 eV that
is dominated by Ni d and s character. The near-degenerate
do_,> and d,, orbitals are at —2.80 eV. A similar set of orbitals
has been reported for PA(NHC), species, although in that case
a 1:2:2 splitting of the orbitals was computed and confirmed by
photoelectron spectroscopy.'' For the current Ni system,
removal of an electron from 2 to give 1 affords an orbitally
degenerate system that is not readily described by a single-
configuration DFT calculation (see Figure S4 for orbital plots
and energies). The orbital degeneracy is central to under-
standing the magnetic properties of 1.

Determination of the room-temperature magnetic moment
in solution (Evans method) and the solid state (Gouy balance)
gave U values of 2.2up and 2.7ug, respectively. In contrast, X-
and Q-band electron paramagnetic resonance (EPR) measure-
ments undertaken on 1, both as a solid powder and as a frozen
solution at 4 K, showed no detectable EPR signals under any
conditions. The absence of any detectable EPR signal may at
least in part be attributed to the unquenched orbital angular
momentum experienced in 1 (vide infra), which should lead to
large g shifts,'” and the significant orbital degeneracy predicted
by DFT.

To further elucidate the magnetic properties, solid-state
superconducting quantum interference device (SQUID)
measurements were performed on crushed polycrystalline
samples of 1. The direct current (dc) magnetic properties
were investigated under a 1000 Oe dc field over the
temperature range 1.8—300 K (Figure SS). The room-
temperature T value of 1.12 cm® K mol™ is much higher
than the expected theoretical spin-only value of 0.375 cm® K
mol ™" for a d® Ni(I) complex [S="/,, g=2, T =gS(S+ 1)/
8]. This value is also consistent with the observed room-
temperature value obtained by the Evans or Gouy balance
method (vide supra). The abnormally high value can originate
from significant inherent anisotropy of the Ni(I) ion due to its
d-orbital splitting, which is related to that for 2 shown in Figure
4. The higher-energy d,, and d,, orbitals are close in energy
and, being partially-filled, can interconvert by rotation of 90°
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about the z axis. Hence, in the ground state, the orbital angular
momentum is not quenched by the ligand field, leading to first-
order orbital angular momentum and a sizable magnetic
anisotropy, IDI.*** When we take into consideration the orbital
contribution, the observed yT value of 1.12 cm® K mol™ is in
better agreement with the expected value of 1.57 cm® K mol™
for a Ni(I) ion [*Ds/p, S="/5, L =2,]=%/5,g=/,2T=¢J (J
+ 1)/8] with unquenched orbital angular momentum. As the
temperature was decreased, the yT product remained nearly
constant until a slight decrease below 10 K, reaching a
minimum value of 1.00 cm® K mol™". Such behavior is
consistent with a noninteracting mononuclear complex.

To further confirm the presence of magnetic anisotropy,
field-dependent magnetization measurements were carried out
between 1.8 and 7 K at fields ranging from 0 to 7 T (Figure
S6). The magnetization data below 7 K revealed a rapid
increase in the magnetization at low magnetic fields. Above 2 T
a more gradual increase was observed, reaching near-saturation
at low temperatures (M = 2.45up at 1.8 K under 7 T). The
nonsaturation as well as the non-superimposition of isotemper-
ature lines in the M vs H/T plot again suggest magnetic
anisotropy in 1 (Figure S6).

To probe the magnetic relaxation dynamics of 1, alternating
current (ac) magnetic susceptibility measurements were
performed. Under zero applied dc field, no out-of-phase (y”)
signal was observed. Under a 600 Oe applied dc field, 1
displayed a strong temperature- and frequency-dependent y”
signal (Figures S and S7). Temperature-dependent y” data
revealed full frequency-dependent peaks with peak maxima
shifting toward lower temperatures (Figure S6). Such slow
relaxation of the magnetization is consistent with field-induced
SMM behavior. Similarly, the frequency-dependent data
revealed increasing y” with decreasing temperature and
frequency over the temperature range 9—1.8 K, further
indicating SIM behavior. The frequency-dependent data and
the Arrhenius equation [z = 7, exp(U.4/kT)] were used to
extract the anisotropic barrier, U4 = 17 K, and the 7,, value of
4.6 X 107 s (Figure S8). Although relatively small, the energy
barrier signifies that 1 is the first mononuclear Ni complex to
display SIM behavior.

The energy barrier against spin reversal was surprisingly only
observed under an applied dc field. Such a bias is necessary to
suppress quantum tunneling of the magnetization (QTM),
which leads to fast relaxation dynamics. QTM is minimized in
Kramers ions, which should not require an applied field to
demonstrate slow relaxation dynamics.**™® Complex 1 has a
half-integer spin, and SQUID analysis confirmed significant
anisotropy. Therefore, the absence of zero-field slow relaxation
dynamics most likely results from mixing between the
degenerate ground and thermally accessible excited electronic
states. In recent years, several Ni complexes with very large
anisotropy values have been reported;'® however, no
mononuclear complex exhibiting single-ion magnet behavior
has been reported.

In summary, we have described the use of very bulky N-
heterocyclic carbene ligands to prepare [Ni(6-Mes),]Br (1), a
very rare example of a two-coordinate Ni(I) complex. The
analogous closed-shell Ni(0) complex 2 was obtained through
reduction of 1. SQUID measurements on this tunable highly
linear complex 1 revealed that it is the first mononuclear Ni
complex to display single-ion magnet behavior. This arises as a
direct result of the 2:1:2 splitting of the occupied metal-based
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Figure S. Frequency dependence of the in-phase (top) and out-of-
phase (bottom) susceptibility between 1.8 and 9 K under a 600 Oe
applied dc field.

orbitals determined computationally. Efforts to prepare
analogues of 1 are in progress.
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Experimental procedures and analysis for 1 and 2, crystallo-
graphic data (CIF), bulk electrochemical and SQUID magnetic
data on 1, computed Cartesian coordinates and energies, orbital
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