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Distinct Stepwise Reduction of a Nickel—Nickel-Bonded Compound
Containing an a-Diimine Ligand: From Perpendicular to Coaxial Structures
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Abstract: A nickel—nickel-bonded
complex, [[Ni(w-L )L (1; L=[(26-
iPr,C¢H;)NC(Me)],), was synthesized
from reduction of the LNiBr, precursor
by sodium metal. Further controllable
reduction of 1 with 1.0, 2.0 and
3.0 equiv of Na, respectively, afforded
the singly, doubly, and triply reduced
compounds [Na(DME);]-[{Ni(u-L™)},]
(2; DME =1,2-dimethoxyethane), [Na-
(Et,0)]Na[(L")Ni-NiL*"] (3), and

[Na(Et,0)],Na[L>* Ni—NiL*"] (4). Here
L represents the neutral ligand, L™ de-
notes its radical monoanion, and L*" is
the dianion. All of the four compounds
feature a short Ni—Ni bond from
2.2957(6) to 2.4649(8) A. Interestingly,
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they display two different structures:
the perpendicular (1 and 2) and the co-
axial (3 and 4) structure, in which the
metal—metal bond axis is perpendicular
to or collinear with the axes of the a-
diimine ligands, respectively. The elec-
tronic  structures, Ni—Ni bonding
nature, and energetic comparisons of
the two structure types were investigat-
ed by DFT computations.

Introduction

Bimetallic species containing a metal-metal bond have been
of continuing interest since the [Re,Clg]*~ compound was re-
ported in 1964.1 In recent years, a number of new metal—
metal bonds of s-, p- and d-block metals have been success-
fully synthesized with different supporting ligands.”) When
a potentially chelating ligand is used, two possible structures
for the [L'MML']-type compound may form: the coaxial and
perpendicular isomers (Scheme 1). In the former structure,
each ligand chelates a metal center and the metal-metal
bond is (nearly) collinear with the main axes of the ligands,
whereas in the latter case the ligands bridge the two metals
and the M—M bond is perpendicular to the ligand axes. Al-
though the coaxial (chelating) structure is a common motif
in metal-metal-bonded complexes,”! the perpendicular
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Scheme 1. The coaxial and perpendicular isomers of metal-metal-bonded
compounds.

(bridging) geometry occurs mainly in some high-order
(quadruple and quintuple) bonds,™ in which the metal—
metal bonding is facilitated by the bridging ligands reducing
the interatomic distance. For example, the first quintuple
bond complex, Ar'CrCrAr’ (Ar'=C4H;-2,6-(CsH;-2,6-iPr,),),
displays a frans-bent geometry with weak interactions of Cr
to the flanking aryl ring,"! whereas in the subsequent dichro-
mium analogues with N,N’-chelating ligands, the perpendicu-
lar structure is predominant with very short metal—-metal
distances.*¥ Very recently, some perpendicular Mn—Mn,
Fe—Fe,*1 and Ni—Ni-bonded” complexes have also been re-
ported. Moreover, theoretical studies have been carried out
to compare the energies of the coaxial and perpendicular
isomers.®!

Nickel is recognized as an important element because it
not only plays essential roles in many catalytic reactions’!
but also is involved in biological redox reactions performed
by nickel enzymes.'”! A great number of dinickel complexes
have been known, but they usually contain bridging ligands,
such as in the [Niy(u-ED, " {Niy(p-C),.1% [Niy(p-S), )"
{Niy(u-P),} (n=1, 2)! and {Ni,(p-arene)}l*”! fragments. On
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the other hand, unsupported Ni—Ni-bonded compounds con-
taining low-valent, low-coordinate Ni centers may be of
much interest because they can potentially display novel
electronic structures and reactivity. For such species, howev-
er, only few examples with the perpendicular structure have
been reported,”! whereas the unsupported coaxial structure
is unknown.[®!

In the past several years, our team has reported a series
of metal-metal-bonded compounds with bulky a-diimine li-
gands."”! These redox noninnocent ligands can be readily re-
duced to the monoanionic radical or dianion, which have
proven to be able to stabilize complexes with low-valent,
low-coordinate metal centers. In this current work, we em-
ployed the o-diimine ligand L (L=[(2,6-
iPr,C,H;)NC(Me)],) to synthesize the dinickel analogues,
and four Ni—Ni-bonded compounds (1-4) were obtained.
Very interestingly, complexes 1 and 2 show the “perpendicu-
lar” structure with the a-diimine ligands spanning the Ni—Ni
bond, whereas the further reduced products 3 and 4 feature
the “coaxial” geometry, in which the ligands are in a chelat-
ing fashion. Herein we report the crystal structures of these
compounds and their electronic structures studied by EPR
and DFT calculations, as well as a comparison of the bond-
ing nature and energy difference of the two structure types.

Results and Discussion

The nickel—nickel-bonded complexes 1-4 were obtained
from stepwise reduction of the dibromo precursor LNiBr,"¥l
with sodium metal (Scheme 2). Treatment of LNiBr, with
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Scheme 2. Synthesis of the Ni—Ni-bonded complexes 1-4.

2.0 equiv of Na in Et,0 afforded green crystals of the com-
plex [{Ni(p-L7)},] (1). Subsequent reduction of 1 by
1.0 equiv of Na gave a dark-green species, [Na(DME);][{Ni-
(u-L)},] (2), in which the original dinuclear {Ni,}** core
has been reduced to the mixed-valent {Ni,}*, but the mono-
anionic ligands remain unchanged. When 1 was treated with
2.0 equiv of Na, a doubly reduced species [Na(Et,0)]|Na-
[(L")Ni—NiL*7] (3) was obtained as purple crystals, wherein
one of the ligands remains L'~ but the other is reduced to
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dianion (L?"). Further reduction of the dinickel complex 3
with 1.0 equiv of Na led to a dark-brown species, [Na-
(Et,0)],Na[L>"Ni—NiL*"] (4), in which both ligands are dia-
nionic and one Na% ion is sandwiched between two aryl
rings (note that this Na atom is disordered over two posi-
tions with 50% occupancy each). Upon removal from the
mother liquor, these complexes are air- and moisture-sensi-
tive, but are thermally stable under argon at room tempera-
ture.

[{Ni(u-L)},] (1): Complex 1 shows the “perpendicular”
structure with two slightly tilted six-membered heterocycles
fused by the Ni—Ni bond (Figure 1). The ligands act as
bridges between the two Ni atoms, and the coordination ge-

Figure 1. Molecular structure of 1 (thermal ellipsoids are set at the 20 %
probability level; hydrogen atoms have been omitted for clarity). Select-
ed bond lengths [A] and angles [°]: Nil-Ni2 2.2957(6), Nil-N1 1.828(3),
Nil—N4 1.836(3), Ni2—N2 1.832(3), Ni2—N3 1.832(3), N1-C1 1.340(4),
C1—C2 1.416(4), N2—C2 1.346(4), N3—C29 1.337(4), C29—C30 1.434(4),
N4—C30 1.329(4), N1-Nil-N4 166.34(11), N1-Nil-Ni2 95.04(8), N3-Ni2-
Nil 95.17(8), N2-Ni2-N3 166.82(11).

ometry around nickel can be best described as slightly dis-
torted T-shape with each metal atom being three-coordinat-
ed by two N atoms from two different ligands as well as by
the other Ni atom. This structure is similar to the perpendic-
ular Ni—-Ni,! Fe—Fe,*! Cr—Cr,**9 and Mo—Mo-bonded™!
complexes with N,N'-chelating ligands. In complex 1, the C—
N (1.346(4)-1.329(4) A) and C—C (1.434(4) and 1.416(4) A)
bond lengths of the central C,N, moiety indicate that the
neutral ligand in LNiBr, has accepted one electron to form
the monoanionic m radical (L'").*) Thus, the nickel centers
should have the formal oxidation state of +1 resulting from
reduction of the initial Ni** ions in LNiBr,. The Ni'-Ni' dis-
tance of 2.2957(6) A in 1 is almost identical to those in
[{Ni(u-k>-N,N'-Priso)},] (2.2908(11) A; Priso = [{(CsH;iPr,-
2,6)N},CN(iPr),])"! and [{Ni(u-N,N'-Pham)},]
(2.2938(12) A; Pham =[{(SiMe;)N},CPh]"),”™ which are the
shortest known examples of Ni—Ni interaction.

The room-temperature EPR spectrum of complex 1 in
Et,O solution shows a multiline pattern (g=2.014) corre-
sponding to ligand-centered radicals delocalized on the
NCCN atoms of the a-diimine. The experimental signal is in
agreement with the simulated one (Figure Sla in the Sup-

— 15241

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

X.-J. Yang et al.

A EUROPEAN JOURNAL

porting Information) and is also similar to literature reports
on related systems.'"?! In addition, the low-temperature
solid-state EPR spectrum (77 K) is also in good agreement
with the simulated one (Figure S1b in the Supporting Infor-
mation), displaying two components at g,=2.044 and g, =
2.012 of the ligand radical.?!! Meanwhile, the low-tempera-
ture spectrum demonstrates that complex 1 contains a dia-
magnetic [Ni'Ni'] core, and thus the two nickel(I) centers
are magnetically coupled through the Ni—Ni bonding.

[Na(DME);][{Ni(u-L)},] (2): Further reduction of complex
1 with 1.0 equiv of Na in mixed solvents (Et,O/DME) af-
forded the product 2. The molecular structure of 2 shows
the presence of an anionic [{Ni(u-L"7)},]” unit and a solvated
[Na(DME);]* countercation (Figure 2). The anionic [{Ni(p-

Figure 2. Molecular structure of 2 (thermal ellipsoids are set at the 20%
probability level; solvent molecules and hydrogen atoms have been omit-
ted and C atoms on DME drawn as smaller spheres for clarity). Selected
bond lengths [A] and angles [°]: Nil-Ni2 2.3383(14), Nil-N1 1.819(3),
Nil-N4 1.812(3), Ni2—N2 1.810(3), Ni2—N3 1.807(3), N1-C1 1.363(4),
C1—C2 1.384(5), N2—C2 1.367(4), N3—C29 1.365(4), C29—C30 1.370(5),
N4-C30 1.376(4), N1-Nil-N4 164.99(12), N1-Nil-Ni2 98.20(10), N3-Ni2-
Nil 98.92(10), N2-Ni2-N3 163.73(12).

L7)},]” unit is similar to that of 1, in which the ligands act
as bridges between the two Ni centers and the Ni—Ni bond
is perpendicular to the main axis of the ligands. Compared
with 1, complex 2 has accepted one more electron (indicated
by the incorporation of a sodium cation), implying that
either a nickel center or a ligand has been reduced. An ex-
amination of the C-N (1.376(4)-1.363(4) A) and C—C
(1.384(5) and 1.370(5) A) bond lengths revealed that both of
the a-diimine ligands maintain the monoanionic m radical
(L") form. Therefore, the single-electron reduction should
have occurred to the [Ni'Ni'] core (in 1) to form a mixed-
valent [Ni'Ni"] species in 2, although the two Ni atoms are
essentially indistinguishable with very similar bond parame-
ters around them. Moreover, this single-electron reduction
of the [Ni'-Ni] core caused a slight lengthening of the Ni—
Ni bond from 1 (2.2957(6) A) to 2 (2.3383(14) A). The ar-
rangement of the two C,N, planes (dihedral angle 21.5°) is
flattened in comparison to the tilted conformation in 1 (dihe-
dral angle 39.7°).

The EPR spectrum of complex 2 was measured at both
room temperature and low temperature. In the room-tem-
perature spectrum in DME (Figure S2a in the Supporting
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Information), besides the ten hyperfine lines (g=2.004) re-
sulting from the ligand-centered radicals, there is one more
component at g=2.184 due to the {Ni,}* core, which is simi-
lar to those observed for some Ni' complexes.””! As men-
tioned above, complex 2 adopts a slightly distorted planar
geometry, which may lead to more symmetric environment
for the N atoms and methyl groups than that in 1, resulting
in the increased overlap of lines in the EPR spectrum. The
frozen-solution (77 K) EPR spectrum of 2 (Figure S2b in the
Supporting Information) displays two components, g;=
2.032 and g, =2.010, for the ligand radical as in the case of
1. Unfortunately, the signals of the nickel center are unclear.
Moreover, DFT calculations revealed that the optimized
structure of the quartet state is energetically most favored,
thus proving the existence of the {Ni,}* units and two ligand
radicals (see the Supporting Information for details).

[Na(Et,0)]Na[(L)Ni—NiL>"] (3): Notably, reduction of
1 by 2.0 equiv of Na resulted in the change of the structure
type. In contrast to the perpendicular conformation of 1 and
2, complex 3 shows a coaxial structure in which the ligands
coordinate to Ni atoms in the terminally chelating mode,
leading to an unsupported Ni—Ni bond (Figure 3). Each Ni

Figure 3. Molecular structure of 3 (thermal ellipsoids are set at the 20 %
probability level; solvent molecules and hydrogen atoms have been omit-
ted and C atoms on Et,0 drawn as smaller spheres for clarity). Selected
bond lengths [A] and angles [°]: Nil-Ni2 2.4553(5), Nil-N1 1.927(2),
Nil-N2 1.954(2), Ni2-N3 1.946(2), Ni3—N4 1.941(2), Nil--Nal
3.3230(16), Ni2--Nal 3.3071(16), Nil--Na2 2.7178(17), Nal—O 2.292(4),
N1-Cl 1.411(4), C1-C2 1.369(4), N2—C2 1.410(4), N3—C29 1.355(4),
C29-C30 1.425(4), N4—C30 1.325(4), N1-Nil-N2 83.07(10), N3-Ni2-N4
80.39(10), Nal-Nil-Ni2 124.49(4).

atom is three-coordinate at a trigonal-planar geometry with
two N atoms from one o-diimine ligand and the other Ni
atom (the sum of the angles around Ni is 359.8 and 359.9°,
respectively). The two C,N,Ni planes form a dihedral angle
of 36.5° rather than the parallel orientation, which was ob-
served in the Zn—Zn, Mg—Mg, and Al-Al-bonded com-
pounds with the doubly reduced ligand L>~.'""! Another in-
teresting structural feature of complex 3 is that the two
redox-active a-diimine ligands are in different oxidation
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states. As judged from the C—N and C—C bond lengths of
the NCCN moiety, one of the ligands retains the monoa-
nionic mradical (L'7) form as in 1, whereas the other one
has been reduced to a closed-shell enediamide (L*"; C—N:
1.410(4)/1.411(4) A and C—C: 1.369(4) A). Thus, this com-
plex displays a rather asymmetric structure containing not
only a mixed-valent [Ni'Ni’] core but also mixed oxidation
states of the ligands (L""/L?"). The extra negative charges of
the ligands are counterbalanced by two Na™ cations in dif-
ferent coordination modes. One sodium ion (Nal) interacts
with the flanking aryl rings from two ligands in an n'n°
fashion, which is similar to some metal-metal-bonded spe-
cies.™ The other sodium ion (Na2) is solvated by a diethyl
ether molecule and is n*-bonded to the enediamido (L*")
ligand, as was observed in many complexes containing dia-
nionic diimine ligands."'*!7**1 Notably, the monoanionic
ligand does not bind a sodium ion. The Ni—Ni bond length
in 3 (2.4553(5) A) is obviously longer than that in 2
(2.3383(14) A), although both of them own a mixed-valent
[Ni'Ni’] core. This may be due to the formation of the six-
membered ring (NiNCCNNi) in 2 reducing the Ni—Ni in-
teratomic distance.

The EPR spectra of 3 have been measured at both room
temperature and low temperature (77 K), which demonstrat-
ed the electronic structure of complex 3 to have [Ni'Ni]
center and L""/L*" ligands. The room-temperature spectrum
in Et,0 appears as an asymmetric 13-lined signal (g=2.013)
which is well resolved and can be explained as originating
from the sextets (due to two nonequivalent N nuclei, /=1)
and septets (due to six equivalent 'H nuclei of the two
methyl groups, /=1/2) of the ligand radical L. This experi-
mental signal matches well the simulated one (Figure 4).
Moreover, a broad signal was observed which is attributable
to the nickel centers (Figure S3 in the Supporting Informa-
tion)."! The assignment is further proven by its frozen-solu-
tion EPR spectrum (Figure 5). In addition to the g=2.012
signal resulting from the ligand-centered radical, the g val-
ues of 2.270, 2.152 and 2.070 have also been detected, which
are typical for Ni' complexes.” The small g anisotropy in

Experimental

Simulation
g=2013

T T T T T T T T " 1
3270 3300 3330 3360 3390 3420
Magnetic Field [Gauss]
Figure 4. X-band EPR spectrum of [Na(Et,0)]Na[(L"")Ni—NiL*"] (3) in
Et,0 at room temperature. The dark gray line is simulated with the
g value as indicated.
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Figure 5. X-band EPR spectrum of [Na(Et,0)|Na[(L")Ni-NiL*"] (3) in
Et,0 at 77 K. The dark gray line is simulated with g values as indicated.

complex 3 may be due to the exchange interactions of the
two Ni centers delocalizing the electron density, which is
also supported by DFT calculations (vide infra).

[Na(Et,0)],Na[L>"Ni-NiL?>"] (4): Reduction of 3 with
1.0 equiv of Na afforded complex 4, which shows a centro-
symmetric dimeric structure (Figure 6). Similar to 3, the li-
gands coordinate to Ni atoms in the common terminal-che-

Figure 6. Molecular structure of 4 (thermal ellipsoids are set at the 20 %
probability level; hydrogen atoms have been omitted and C atoms on
Et,0 drawn as smaller spheres for clarity). Selected bond lengths [A]
and angles [°]: Nil-Nila 2.4649(8), Nil-N1 1.965(2), Nil-N2 1.962(3),
Nil--Nal 3.150(5), Nila-~Nal 3.166(5), Nil--Na2 2.7398(16), Na2—O
2.296(3), N1—C1 1.420(4), C1—C2 1.350(4), N2—C2 1.415(4), N1-Nil-N2
82.84(10), N1-Nil-Nila 138.47(7), N2-Nil-Nila 138.60(8), Na2-Nil-Nila
128.34(4). Symmetry code a): 1—x,1—y,—z.

lating fashion (coaxial), and each Ni atom is three-coordi-
nate in a trigonal-planar geometry (the sum of the angles
around Ni is 359.9°). The Ni atom deviates slightly (by
0.32 A) from the C,N, plane, and the two C,N, planes adopt
a parallel but not coplanar orientation (the vertical distance
is 1.08 A between the two planes), which is different from
the slightly twisted conformation in 3. To the best of our
knowledge, the coaxial complexes 3 and 4 represent the first
structurally characterized molecular compounds containing
an unsupported Ni—Ni bond with low-valent and low-coordi-
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nate Ni centers (the Ni--Na separations between the aryl-
sandwiched sodium ion and the nickel atoms are in the
range of 3.15-3.30 A).

Upon acquisition of one electron, the mixed ligands (L/
L*) in 3 have been reduced to two L*~ dianions, whereas
the initial monovalent {Ni,}* core is retained, which is sup-
ported by the small g anisotropy (2.340, 2.235 and 2.103) of
the EPR spectrum (Figure S4 in the Supporting Informa-
tion) of 4 in solid state at 77 K. In this complex, there is one
more Na™ ion than in 3, and each ligand binds a solvated
[Na(Et,0)]* (Na2) locating above and below the enedia-
mide L?" moieties, respectively. The third Na™ ion (Nal) is
also sandwiched by two aryl rings from two ligands as in
complex 3. However, due to the crystal imposed inversion
symmetry, this sodium atom is distributed to two positions
(on the opposite sides of the Ni—Ni bond) with 50 % occu-
pancy each. The Nal--C(aryl) distances range from 2.455(6)
to 3.100(6) A. The Ni—Ni bond length of 2.4649(8) A in 4 is
the longest among these a-diimine Ni—Ni-bonded com-
plexes. Nevertheless, it is shorter than that found at room
temperature in nickel metal (2.492 A). Furthermore, longer
Ni—Ni bond lengths in bridged complexes, such as
2.510(2) A in Niy(CO),(u-PPh,),, "™ 2.541(2) A in [(L"Ni—
NiL")(u-trans-diene)],? and even 2.596 A in [Na(tmeda)]
[{Ni(C,H,),},(u-H)]M have also been reported.

In complexes 1-4, the Ni—Ni bond length elongates gradu-
ally, from 2.2957(6) (1) and 2.3383(14) A (2) to 2.4553(5) (3)
and 2.4649(8) A (4). This can be attributed to the varying
coordinate fashion and oxidation state of the nickel metal.
As mentioned above, the Ni—Ni distance of the {Ni,}* core
in 2 is slightly longer than that of the higher-oxidation state
[Ni,}** complex 1, which has the similar perpendicular struc-
ture. Meanwhile, bearing the same {Ni,}* core and similar
coaxial coordination geometry, the Ni—Ni bond lengths in 3
and 4 are almost identical. However, the difference between
the two types of structure appears to be more distinct, with
the coaxial Ni—Ni length being much longer than the per-
pendicular analogue, as discussed above in the case of com-
plexes 2 and 3. This is in accord with the literature report of
very short metal-metal bonds observed in the perpendicular
complexes.*” On the other hand, the effects of these factors
are also reflected in the Ni—N bond lengths, which show
a similar increase from 1.832 A in 1 and 1.812A in 2 to
1.944 and 1.962 A in 3 and 4, respectively. Similar trends
have also been reported in the manganese compounds.®!

DFT studies on the perpendicular and coaxial structures: It
is worth noting that in this work the stepwise reduction of
a dibromo nickel(IT) precursor can be achieved by the
amount of Na metal, which was controlled to provide one
electron per [Niy(L'"),] unit in each step. During the process,
both the nickel metal and the ligands were potentially re-
ducible, thus yielding a series of Ni—Ni-bonded compounds
with interesting structures and electronic properties. In par-
ticular, two different types of structures (perpendicular and
coaxial) were formed in the Ni—Ni-bonded compounds.
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In order to get deeper insight into the electronic struc-
tures and the Ni—Ni bonding nature in the complexes, as
well as to better understand the isomerization of the perpen-
dicular and coaxial structures, DFT computations were car-
ried out at the B3LYP/6-31g* level. Complex 1 (perpendicu-
lar) and a slightly simplified model of complex 3 (coaxial),
[Na(H,0)]Na[(L"")Ni—NiL*"] (3'), in which the Et,0 mole-
cule was replaced by H,O, were chosen as the representa-
tives for the two geometries. Accordingly, the hypothetical
models of the contrary structures, 1b (coaxial, Figure S5 in
the Supporting Information) and 3b (perpendicular, Fig-
ure S6 in the Supporting Information) were also optimized
for the comparison of the energy differences between the
two structural motifs.

DFT geometry optimizations were carried out on complex
1 in the singlet (§=0), triplet (§=1), and quintet (S=2)
spin states, and the results indicate that the triplet spin state
is energetically most favored, which is consistent with the
EPR spectra showing biradical of the two ligands. The opti-
mized triplet-state structure (Table S1 in the Supporting In-
formation) is very close to the experimental data of 1,
except that the Ni—Ni bond length is slightly under-estimat-
ed (22034 A) compared with the X-ray diffraction result
(2.2957(6) A). A natural population analysis (NPA) assigned
+0.76 natural charges on one nickel center and +0.75 on
the other, which is in agreement with the formal oxidation
state +1 of the nickel ions. The Wiberg bond index gave
a Ni—Ni bond order of 0.54. The Ni—Ni bond is formed
mainly by the 4s and 3d orbitals, with 29.7% s, 1.2% p, and
69.1 % d characters, as revealed by the natural bond orbital
(NBO) analysis. Figure 7 shows the Ni—Ni o-bond interac-

Figure 7. The Ni—Ni o-bonding orbital (HOMO-18) of complex 1.

tion. On the other hand, computations on the hypothetical
coaxial model 1b by the same methods used for 1 were also
performed in the triplet ground state. The results indicate
that complex 1 is much more stable than 1b (by about
35 kcalmol '), which explains the formation of the perpen-
dicular structure 1 rather than the coaxial one in the context
of two monoanionic & radical (L") ligands.

As mentioned above in the crystal structural analysis,
complex 3 not only shows a different structure type (co-

Chem. Eur. J. 2013, 19, 15240 -15247


www.chemeurj.org

Stepwise Reduction of a Nickel—Nickel-Bonded Compound

axial) from 1 (perpendicular) but also has significantly dif-
ferent oxidation states of the metal centers and ligands. In 3,
one monoanionic wradical ligand and a mixed-valent
[Ni'Ni’] core are present, whereas complex 1 contains two
monoanionic radical ligands and a diamagnetic [Ni'Ni'] core.
Thus, geometry optimizations of 3’ were performed in the
triplet ground state (based on its EPR spectra with one
ligand radical and one Ni' ion). In the optimized structure
of ¥, the theoretical Ni—Ni bond length (2.4528 A) is well
comparable with the X-ray data for 3 (2.4553(5) A). The
Wiberg bond index gave a Ni—Ni bond order of 0.88. NPA
indicated that the natural charges are +0.42 and +0.51 on
the two Ni centers, which is in agreement with the mixed-
valent {Ni,}* core. The Ni—Ni NBOs were computed for
o and P spins with 0.89 occupancies (Table 1), and the Ni—

Table 1. The Ni—Ni natural bond orbitals of compound 3'.
Spin  Occupancy % Ni(1) % Ni(2)

a 089 4684 4s"V4pU3d"™ 5316 4s4p3d00
B 089 4716 4s"4pOU3dNE 5284 45004 pT3 0L

Ni o bond is formed mainly by the 4s orbitals of the nickel
atoms with trace amounts of 4p and 3d characters, as illus-
trated in HOMO-2 (Figure 8). Furthermore, its hypotheti-
cal perpendicular counterpart 3b, [Na(Et,0O)]Na[Ni(p-L™)-
(u-L*)], was studied in the triplet ground state. However,
the structure 3b is unstable and cannot be optimized, and
many attempts of computation converged to the contrary
coaxial analogue 3', which further confirms the experimental
results of isolation of the coaxial structure when one monoa-
nionic 7 radical ligand was reduced to the dianion L*.

Figure 8. The Ni—Ni o-bonding orbital of the model compound 3'. a) The
o spin orbital (HOMO-2); b) the f spin orbital (HOMO-2).

The transformation of the perpendicular structure to the
coaxial geometry upon reduction has been reported previ-
ously for some metal-metal-bonded compounds, such as the
Zn—7n and Mn—Mn bonds. Possible intermediates were sug-
gested by theoretical calculations, and the [L'MnMnL']~ spe-
cies was isolated.!’! In the present dinickel complexes, DFT
computations also support the change of the geometry
during the course of stepwise reduction of the nickel com-
plex precursor with alkali metal. It is noticeable that the
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electronic structures and bonding nature of complexes 1 and
3 differ remarkably not only in the bond order but also in
the orbital components.

Conclusion

In summary, four Ni—Ni-bonded compounds (1-4) stabilized
by reduced a-diimine ligands have been synthesized by step-
wise reduction of the dibromo precursor LNiBr,. The com-
pounds comprise of different oxidation states of both the
nickel metal and the redox non-innocent a-diimine ligands,
which was characterized by their crystal structures, EPR
spectra, and DFT computations. Most interestingly, two dis-
tinctly different structure types for the dinickel core are
formed: the perpendicular structure (1 and 2) and the co-
axial structure (3 and 4), which have significant effects on
the Ni—Ni bond length. DFT calculations were carried out
to shed light to the Ni—Ni bonding nature of the compounds,
as well as the energy differences of the two structure types.

Experimental Section

General considerations: All manipulations with air- and moisture-sensi-
tive compounds were carried out under argon with standard Schlenk or
drybox techniques. The solvents (DME, toluene, Et,O, and hexane) were
dried by using appropriate methods and were distilled under argon prior
to use. The EPR spectra of the paramagnetic compounds were recorded
on a Bruker EMX-10/12 spectrometer. IR spectra were recorded (thin
film on KBr plate) using a Nicolet AVATAR 360 FT-IR spectrometer.
Elemental analyses were performed with an Elementar VarioEL III in-
strument. Compound LNiBr,!"*! was prepared according to published pro-
cedures.

[{Ni(u-L')},] (1): LNiBr, (0.310g, 0.50 mmol) and sodium (0.023 g,
1.00 mmol) were combined with Et,O (30 mL) at room temperature. The
mixture was stirred for 2 days with the color change from purple to
green. All volatiles were removed in vacuo and the residue was extracted
with hexane. The extract was filtered, concentrated to about 8 mL and
stored at room temperature. Green crystals (0.104 g, 43%) of [{Ni(u-
L7)},]+0.5 hexane were isolated after 2 weeks. EPR (Et,0, room tempera-
ture): g=2.014; EPR (solid, 77 K): g =2.044, g, =2.012; IR (KBr): 7=
1638, 1576, 1434, 1360, 1323, 1256, 1184, 1114, 932, 752 cm™"; elemental
analysis calcd (%) for CsoHgN,Ni, (969.73): C 73.07, H 9.04, N 5.78;
found: C 72.56, H 9.38, N 5.67.

[Na(DME);][{Ni(u-L')},] (2): [{Ni(u-L")},]-0.5 hexane (complex 1,
0.242 g, 0.25mmol) and Na (0.006 g, 0.25 mmol) were suspended in
mixed solvents (20 mL, Et,O/DME=3:1), and the mixture was stirred
for 1 day at room temperature, resulting in a color change from green to
dark-green. After filtration and concentration of the filtrate to approxi-
mately 6 mL, the solution was stored at room temperature for several
days to yield 2 as dark-green crystals (crystal yield: 0.100 g, 31%). EPR
(DME, room temperature): g=2.184 and g=2.004; EPR (solid, 77 K): g,
=2.032, g, =2.010 and broad signals; IR (KBr): v=1640, 1574, 1436,
1378, 1320, 1250, 1188, 1109, 974, 853, 785, 739, 681 cm'; elemental anal-
ysis caled (%) C;,H,N,O,NaNi, (1294.12): C 66.82, H 9.35, N 4.33;
found: C 66.10, H 9.62, N 4.43.

[Na(Et,0)|Na[(L)Ni—NiL>"] (3): Complex 3 was synthesized by the
same procedure as reported above for 2 by employing 2.0 equiv of Na
(0.012 g, 0.50 mmol) and extraction with toluene. Black-purple crystals of
[Na(Et,0)]Na[(L~)Ni-NiL> ]-toluene (0.104 g, 36 %) were isolated after
2 weeks. EPR (Et,O, room temperature): g=2.013, and broad weak sig-
nals; EPR (Et,0, 77 K): g,=2.270, g,=2.152, g;=2.070, and g=2.012; IR
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(KBr): v=1642, 1568, 1431, 1380, 1323, 1256, 1076, 1022, 933, 853, 792,
731, 677 cm™'; elemental analysis calcd (%) CgHyN,ONa,Ni, (1162.91):
C 7126, H 8.49, N 4.82; found: C 70.43, H 8.54, N 4.43.
[Na(Et,0)],Na[L?> Ni—NiL?"] (4): Complex 4 was synthesized by the
same procedure as reported for 3 by employing 3.0 equiv of Na (0.018 g,
0.75 mmol). Black-purple crystals of [Na(Et,0)],Na[L?> Ni—NiL>"]
(0.088 g, 31 %) were isolated after 2 weeks. EPR (solid state, 77 K): g, =
2.340, g,=2.235, g;=2.103; IR (KBr): ¥=1584, 1431, 1380, 1323, 1256,
1076, 1022, 933, 853, 792, 731, 677 cm™'; elemental analysis calcd (%)
CeyH,0oN,O,Na;Ni, (1143.86): C 67.20, H 8.81, N 4.89; found: C 66.81, H
8.54, N 4.43. Note: Compound 4 can also be obtained in a 42% isolated
yield by treating 3 with 1 equiv of sodium.

X-ray crystallography: Diffraction data for 1-4 were collected on
a Bruker SMART APEX II diffractometer at 150 K with graphite-mono-
chromated Moy, radiation (1=0.71073 A). An empirical absorption cor-
rection by using SADABSP"! was applied for all data. The structures
were solved by direct methods using the SHELXS program.”®! All non-
hydrogen atoms were refined anisotropically by full-matrix least squares
on F? by the use of the SHELXL program. The hydrogen atoms bonded
to carbon were included in idealized geometric positions with thermal pa-
rameters equivalent to 1.2 times those of the atom to which they were at-
tached. Due to considerable disorder of the solvent in the structure of 3,
the SQUEEZE subroutine of PLATON was employed. CCDC-896901
(1), 896902 (2), 896903 (3) and 896904 (4) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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