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N,—a small and readily accessible molecule—is known to be
notoriously unreactive and eludes coordination unless certain
conditions are fulfilled. Hence, the activation of dinitrogen
has been a challenge for a long time, and a lot of effort has
been spent to synthesize dinitrogen complexes, especially in
the context of structural or functional modeling of biological
nitrogen fixation.l'! The last decades have led to tremendous
progress in understanding the binding modes and reactivity
patterns of N, in transition-metal complexes, culminating in
the first catalytic cycle for conversion of N, into ammonia.”

N, complexes can be subdivided into weakly, moderately,
strongly, and highly activated systems, according to the degree
of elongation of the N—N bond and the decrease of the vyy
frequency.”! Usually, complexes with terminal N, coordina-
tion show weak or moderate activation, while N, bridging two
transition metals in an end-on mode can be weakly, moder-
ately, or strongly activated.”! More recently, the coordination
of dinitrogen to highly reduced transition-metal ions bearing
sterically hindered ligands has proven to be a very successful
synthetic route to complexes with activated N, ligands.
Pioneering work was performed by Holland and co-workers
employing B-diketiminato ligands L® (L® = [HC(CRNC¢H;-
(iPr),),]”, Scheme 1) with R =rBu.’! Reduction of a corre-
sponding Fe" complex as precursor in the presence of
dinitrogen led to the compound [L®'Fe(u-n'm'-N,)FeL®"]
(1) in which each iron site donates significant electron density
into the m* orbitals of dinitrogen, resulting in a configuration
best described as two high-spin Fe' ions bridged by a triplet
N,*~ ion. It further proved possible to doubly reduce this
unit.’ Studies with other bulky ligands and low-coordinate
metals followed,™” and in three of these, B-diketiminates
(LM¢) were again employed, in combination with the elements
Ti, Ir, and Cr.”

Literature concerning Ni/N, compounds is rather scarce,
and the few reported examples mainly contain phosphines as
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Scheme 1. Ligand L® and [LM*Ni(u-H),NiL™9] (2).

coligands. Early work from the 1970s included the Ni’
compound [(Cy;P),NiN,Ni(PCy;),]*¥! (Cy = cyclohexyl) and
n-bonded N, in Ni/Li salts.”) It took 30 years before the only
other known Ni-N, complex was isolated in 2005, with N,
bound to Ni’in an end-on fashion."'! We recently reported the
synthesis and reactivity of the compound [LM*Ni(u-H),NiL™¢]
(2, Scheme 1)."”! Attempts to synthesize a mononuclear
version of this complex by changing the ligand to L®" and
treating the corresponding precursor with a hydride source in
a dinitrogen atmosphere has now led us to the first Ni'
dinitrogen complex.

Compound 2 can be prepared by treating [LM°Ni(u-
Br),Li(thf),] with KBEt;H, and according to spectroscopic
investigations it does not enter into an equilibrium in solution
with the monomer [LMNiH].'"” Hence, the question arose as
to whether such a monomer [LENiH], by analogy to the
corresponding iron chemistry, can be forced to form if the
steric bulk at the ligand is increased by replacing the methyl
residues in LM® by tert-butyl residues.!"” This alteration pushes
the aryl rings at the nitrogen atoms further in front of the
coordinated metal, and hence the bromide precursor, for
instance, does not form an ate complex (see above) but can be
isolated as [L®'NiBr] with three-coordinate Ni" ions.
[L™®“NiBr] was thus treated with KBEt;H under a dinitrogen
atmosphere in hexane as the solvent. While similar conditions
in the case of LM had led to a green solution of 2, with L™ a
red-brown solution was obtained. Crystallization of the
product and X-ray diffraction analysis revealed it to be
[LBNi(p-n'm'-N,)NiL®] (3, Scheme 2).'Y Its molecular
structure is displayed in Figure 1.

The N, molecule in 3 is coordinated in an end-on mode
bridging two three-coordinated Ni centers. Their coordina-
tion spheres can be described as T-shaped planar (sum of
bond angles 359.45(11)°), which is often found for Ni'
complexes containing p-diketiminato ligands.">'” By com-
parison to data for other LENi' complexes,'? EPR measure-
ments indicate an oxidation state of + I at the nickel ions, too.
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Scheme 2. Formation of 3 via a potential hydride intermediate and
reaction of 3 with diethyl ether.
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Figure 1. Molecular structure of 3. Hydrogen atoms are omitted for
clarity. Selected bond lengths [A] and angles [°]: N1-N2 1.120(4), Ni1-
N2 1.836(3), Ni2-N1 1.830(3), Ni1-N3 1.880(3), Ni1-N4 1.920(3),
Ni2-N5 1.927(3), Ni2—N6 1.882(3); N2-Ni1-N3 153.98(12), N2-Ni1-N4
107.75(17), Ni1-N2-N1 174.1(3), N3-Ni1-N4 97.91(11), N1-Ni2-N5
107.51(11), N1-Ni2-N6 153.97(11), N5-Ni2-N6 97.97(11).

Single-point DFT calculations (B3LYP/6-31G*) based on the
molecular structure of 3 including consideration of broken-
symmetry states predict a triplet ground state (see the
Supporting Information). Room-temperature magnetic meas-
urements found u; =2.40uz (Evans method in CsD;,; hardly
any change was observed on cooling to 203 K; the spin-only
value u,, expected for two uncoupled Ni' ions is 2.45ug).
These results are in line with two uncoupled or very weakly
coupled metal centers of spin '/,. Because the two {L"Ni}
units are twisted with respect to each other in the solid state,
the structure does not contain a center of inversion, thus
allowing for IR spectroscopic investigation of the wyy
stretching mode. The corresponding band was identified at
2164 cm™!, and it shifted to 2093 cm™ when N, was used,
which points to a weakening of the N—N bond (vyy for free
“N, 2331 cm ™' and for N, 2254 cm™!, see the Supporting
Information)," in agreement with a N—N bond that is only
slightly elongated (A(dyy) 0.022 A) in comparison to the free
N, molecule. Hence, the transfer of electron density from the
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Ni atoms to the N, molecule is far less pronounced than in
case of the iron compound 1 (vyy 1778 cm™', A(dwy)
0.084 A)," which is also consistent with the formulation of
3 as a Ni' complex. However, the degree of N, activation in 3
is comparable to that found for the Ni complexes mentioned
above.

Formation of 3 can be explained by assuming that
[{L®*NiH},] is formed initially, but its increased steric
demand makes it even more reactive than 2, and even contact
with N, triggers H, elimination (H, elimination from 2 occurs
only on addition of stronger neutral donors)'? to yield 3, in
which the strain is released, as the Ni centers are only three-
coordinate and the bridging unit is larger. As observed for
other N, complexes,*>”# the N, ligand is readily displaced by
other ligands, including by exogenous N, molecules. When the
N isotopologue [L®'Ni>N'NNiL™®"] is stirred in a “N,
atmosphere, complete exchange occurs within 10 min. In
contact with diethyl ether, [L®*Ni(OEt,)] (4) is formed with
concomitant N, evolution. Compound 4 in turn reacts to give
3 after dissolution in N,-saturated hexane. Accordingly, 3
might serve as a suitable Ni' source that could replace
[(LMeNi),(p-n*mP-CsHsMe)]1 if toluene is undesirable in
subsequent reactions.”™ Alternatively, 3 can also be prepared
by reduction of [L®*NiBr] by KCy in the presence of N,.

Complex 3—isolated or prepared in situ—can be further
reduced by KC;, and remarkably, it is possible to achieve this
conversion in single-electron steps. Treatment of [L®"NiBr]
with 1.65 equivalents KC; reproducibly leads to a red-purple
compound that was identified as K[L®"Ni(u-n'm'-N,)NiL™"]
(5, Scheme 3) by single crystal X-ray diffraction analysis.'*]

Scheme 3. Synthesis of 5 and 6 by reaction of [L*®“NiBr] with KCy in a
dinitrogen atmosphere.

The molecular structure of § is shown in Figure 2. The N—N
bond is lengthened from 1.120(4) A in 3 to 1.143(8) A, and
van could be detected at 1825 cm™ in the Raman spectrum
(1765 cm™! for the N isotopologue, Figure 4). The coordi-
nation spheres of the Ni centers can now be described as
trigonal planar (sum of bond angles 359.9(3)°), and the alkali-
metal cation produced in the reduction process interacts with
the N, fragment as well as with the aryl rings of the ligand.
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Figure 2. Molecular structure of 5. Hydrogen atoms are omitted for
clarity. Selected bond lengths [A] and angles [°]: N1-N2 1.143(8), Nil—
N2 1.770(7), Ni2-N1 1.770(7), Ni1-N3 1.917(6), Ni1-N4 1.908(7),
Ni2—-N5 1.928(7), Ni2-N6 1.918(6), K1-N1 2.764(8), K1-N2 2.773(8);
N2-NiT1-N3 135.1(3), N2-Ni1-N4 127.6(3), N3-Ni1-N4 97.2(3), N1-Ni2-
N5 134.0(3), N1-Ni2-N6 128.5(3), N1-N2-Ni1 174.1(8), N5-Ni2-N6
97.4(3), N1-K1-N2 23.82(17).

Figure 3. Molecular structure of 6. Hydrogen atoms are omitted for
clarity. Selected bond lengths [A] and angles [°]: N3-N3’ 1.185(8), Nil—
N1 1.931(5), Ni1-N2 1.933(4), Ni1-N3 1.747(4), K1-N3 2.719(6), K2—
N3 2.714(6); N2-Ni1-N3 130.8(2), N1-Ni1-N3 132.5(2), N1-Ni1-N2
96.68(18), Ni1-N3-N3" 178.8(7), N3-K1-N3’ 25.17(18), N3-K2-N3’
25.21(18).
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Figure 4. Raman spectra of °6, '“6, '°5, and '*5 in the region from
1525 to 1900 cm ™. The spectra were recorded in hexane at room
temperature employing an Ar* ion laser with a wavelength of 514.5 nm
and a power of 100 mW ('*5 and '*5) or 20 mW ('°6 and '*6).
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In 5 the [NiNNNi]*" core of 3 is reduced by one electron.
Starting from two unpaired electrons in 3, this reduction can
lead to a quartet or a doublet ground state. The magnetic
moment of y.; = 1.66ug found for 5 in the solid state points to
the latter (u,, = 1.73 ug for one unpaired electron), and again
an EPR spectrum typical for L*Ni' complexes is observed.
Evidently, the additional electron couples very strongly
antiferromagnetically to one of the original unpaired Ni'
electrons, and the question arises as to whether it has been
added to a d orbital (—Ni") or to an N-based orbital. The
results of preliminary single-point DFT investigations and a
natural bond orbital analysis reveal that the positive charge at
the potassium ion is compensated mainly by an increased
negative charge at the N, unit, suggesting that the additional
electron is located mainly at the N, ligand. Considering the
electronic structure of the unreduced complex 3, calculations
indicate that the two unoccupied spin orbitals of lowest
energies have N—N m* antibonding character (see the
Supporting Information). Population of these orbitals is
expected to weaken the N—N bond, as observed experimen-
tally for the reduced compound 5. Consistently, DFT predicts
a doublet ground state for 5 and a spin-density distribution
corresponding to one spin-up electron at each nickel atom
and one spin-down electron in an N—N zt* orbital between the
Ni atoms.

Addition of 2.3 equivalents KCg to [L®'NiBr] leads to
doubly reduced 3 as a deep purple solid. The molecular
structure of the product K,[L™®"Ni(u-n'm'-N,)NiL®] (6,
Scheme 3) as revealed by single crystal X-ray diffraction
analysis is shown in Figure 3. The trigonal-planar coordi-
nation around the nickel centers found for 5 is maintained in 6
(sum of bond angles 359.98(18)°). The second potassium ion is
positioned opposite to the first one, and it, too, interacts with
the N, unit as well as with the two remaining aromatic
residues of the p-diketiminato ligands. The additional elec-
tron leads to a further lengthening of the N—N bond to
1.185(8) A" while the distances between the dinitrogen N
atoms and the nickel centers in 6 (1.747(4) A) become
significantly shorter than those in the less reduced compounds
(1.836(3) and 1.830(3) A in 3 and 1.770(7) A in 5). The Ni—
N(dinitrogen) distances of both 5 and 6 lie between the bond
lengths reported for p-diketiminato nickel amido complexes
([LMNiN(SiMe;),] 1.873(2) A)"! and those found for -
diketiminato nickel imido complexes ([L*Ni=NAdJ]
1.662(2) A, L*=[HC(CMeNCsH;(Me),),], Ad=adaman-
tyl).l"" Hence, the N, unit in 6 has diazene character. In
keeping with this assessment, the vy band of 6 appears at
1696 cm™ and is shifted further to 1642cm™' upon “N
enrichment (Figure 4). Calculations predict a singlet ground
state for 6, and indeed 6 shows diamagnetic behavior, giving
rise to sharp signals in its NMR spectra (see the Supporting
Information). Further experiments showed that it is possible
to perform comproportionation reactions with 6 and
[L®“NiBr] (3:2) or 3 (1:1) as alternative routes to 5.

In summary, we have prepared and fully characterized the
first Ni' dinitrogen complex 3 displaying an activated N,
ligand coordinated by two Ni' centers in an end-on bridging
mode. Complex 3 can be further reduced in single-electron
steps, resulting in singly reduced 5 and doubly reduced 6, in
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which the extent of N—N bond activation is more pronounced.
The contribution of each electron to activation could be
monitored by Raman spectroscopy and single crystal X-ray
diffraction. Current research now focuses on a more detailed
investigation and understanding of the electronic structures of
3, 5, and 6. Moreover, it will be interesting to study the
behavior of 6 in reactions with reducible small molecules.

Experimental Section

All experiments were carried out in a dry nitrogen or argon
atmosphere using a glove box or standard Schlenk techniques. The
preparation of [L®'NiBr] and [L™®'Ni(OEt,)] is described in the
Supporting Information.

3: [L®"NiBr] (300 mg, 0.47 mmol) and KC; (70 mg, 0.52 mmol,
1.1 equiv) were suspended in hexane, and the reaction mixture was
stirred for 12 h in a dinitrogen atmosphere. Filtration of the red-
brown solution and evaporation of the solvent afforded red-brown
crystals of 3 (102 mg, 0.09 mmol, 38 % ); elemental analysis (% ) calcd
for CyH;o6NgNi, (1149.02 gmol'): C73.17, H9.30, N 7.31; found:
C72.66, H9.26, N 6.95; uo;=2.40ug (296 K, ., =2.45uz); g values
as determined by spectral simulation (77 K): g, =2.2750, g, =2.1250,
8, =2.0415(A,,=10,A4,,=1.0,4,,=1.34mT).

5: [L®"NiBr] (300 mg, 0.47 mmol) and KCs (105 mg, 0.78 mmol,
1.65 equiv) were suspended in hexane, and the reaction mixture was
stirred for 12 h in a dinitrogen atmosphere. Filtration of the red-
purple solution and evaporation of the solvent afforded red-brown
crystals of 5 (86 mg, 0.07 mmol, 31 %); elemental analysis (%) calcd
for Cy,oH,0sKN¢Ni, (1188.12 gmol™'): C 70.76, H 8.99, N 7.07; found:
C69.73, H9.23, N 5.94 (owing to the rather high reactivity and
sensitivity of 5§ and 6, elemental analyses always showed deviations
higher than commonly accepted); u.;=1.66ug (296 K, u,o. =1.73u3);
g values as determined by spectral simulation: g, =2.439, g,=2.127,
g.=2.105.

6: [L®"NiBr] (300 mg, 0.47 mmol) and KC; (146 mg, 1.08 mmol,
2.3 equiv) were suspended in hexane, and the reaction mixture was
stirred for 12 h in a dinitrogen atmosphere. Filtration of the dark
purple solution and removal of the solvent afforded dark purple 6
(68 mg, 0.06 mmol, 12%); elemental analysis (%) caled for
CooH,06KoNgNi, (122721 gmol™'): C68.51, H8.71, N 6.85; found:
C67.05, H9.12, N 5.27; '"H NMR (400.13 MHz, C,Dg, RT): 0 =6.76
(12H, Ar-H), 5.05 (2H, CHC(CH,);), 3.72 (8H, CH(CH,),), 1.49
(24H, CH(CHs),), 1.29 (24H, CH(CHs),), 1.16 ppm (36 H, C(CHs););
BC{H} NMR (100.63 MHz, C;Dy, RT): 6 = 163.3 (NCC(CHj);), 152.1
(Ar-iC), 140.8, 138.5 (Ar-0oC), 123.0 (Ar-mC), 119.1 (Ar-pC), 95.9
(CHC(CHs);), 43.8 (C(CH,)3), 33.5 (C(CH3)3), 28.1 (CH(CHs),), 24 4,
22.4 ppm (CH(CH,),).
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