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NiCl,-6H,0 and 2,2'-bipyridine (bipy) (1:1) were allowed to
react under ambient conditions in dimethyl sulfoxide in the
presence of acetylacetone (Hacac). The resulting green solu-
tion was concentrated in vacuo, and a green solid was iso-
lated by precipitation with cold acetone. X-ray quality crys-
tals of [(bipy).Ni,(n-Cl),(Cl),(H,0),] (1) were grown by sub-
sequent vapor/liquid diffusion of acetonitrile into a meth-
anolic solution for one week. The structure of 1 consists of a
dimeric nickel system with each metal atom in an octahedral
geometry. Both equatorial bridging and axial chlorine atoms

are present in this neutral species. The nickel-nickel dis-
tance (3.441 A) is the shortest reported to date for this class
of complexes and the bridging chlorido angles at 91.5° are
the most acute. Variable-temperature magnetic susceptibility
measurements reveal the complex to have the strongest fer-
romagnetic interaction reported to date (J = +16.8 cm™, the
Hamiltonian being defined as H = —JSA-Sg) for this family of
complexes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Multimetallic nickel(IT) species occupy an important po-
sition in modern inorganic and materials chemistry. They
are ubiquitous in nature as active sites in a variety of
metallo-enzymes and this recognition has fuelled the devel-
opment of numerous low molecular weight model com-
pounds.[! In addition, they have been investigated from the
viewpoint of magnetochemistry, in particular in the predic-
tion of superexchange coupling between paramagnetic cen-
ters.’! In this field the seminal work on structure/function
correlation remains that by Hatfield and Hodgson who
found a linear correlation between the strength and sign of
the magnetic interaction and the bridging angle, 0, for eight,
essentially planar, di-p-hydroxidodicopper(Il) complexes.!
This was further expanded by Ruiz et al. to include the
effects of the out-of-plane dispersion of the hydroxido hy-
drogen atom resulting in a highly successful predictor of
magnetic behaviour in this class of compounds.! Such a
correlation, with clear predictors, has yet to be established
for five- and six-coordinate di-p-chloridodinickel(I) com-
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plexes. Reedijk et al. have produced a comprehensive review
of such structures and their magnetic behaviour™ but
attempts to produce a structure/function correlation have
been hampered by the dearth of such complexes in the lit-
erature, especially complexes that are unique or extreme in
geometry, bridging angle, nickel-nickel distance, charge, etc.
Goodenough, Kanamori, and Anderson predicted that with
an octahedral geometry and an M-X-M bridging angle
close to 90°, a ferromagnetic coupling between two d® metal
ions would be observed.’) Theoretical studies by Barra-
clough and Brookesl® and work by Gatteschi et al.’) have
also concluded that close proximity of the bridging Ni—Cl-
Ni angle to 90° was a strong predictor of a ferromagnetic
interaction. They also noted, however, that distortions
about the octahedral metal ion would increase antiferro-
magnetic character by mixing d orbitals, and this sensitivity
would make predicting the coupling strength and sign diffi-
cult for such systems. A search of the literature revealed
only six ferromagnetic di-p-chloridodinickel(I) complexes
that have been both magnetically and structurally charac-
terized with the most acute bridging angle noted to date
between the Ni—-CI-Ni atoms being 93.03°.81 Two of the six
complexes with intramolecular ferromagnetic coupling are
five-coordinate, distorted trigonal-bipyramidal with the re-
maining four having octahedral geometry. Both the five-co-
ordinate structures show a high degree of distortion from
perfect square-pyramidal geometry (as measured by 7 and
compared to analogous complexes displaying antiferromag-
netic behaviour).[ Reedijk et al. have noted this may be the
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source of the strengthening of the ferromagnetic coupling
in five-coordinate structures (again distortion playing an
important role).” All the octahedral ferromagnetic com-
plexes are charged and no such neutral structures have been
characterized. Such a structure, devoid of counterion-in-
duced distortions, that exhibits close proximity to 90°,
would be an intriguing result, because current predictors
would charge that this structure be strongly ferromagnetic
(certainly stronger than any such value of ferromagnetic
coupling reported to date). In this paper we present a new
octahedral dichlorido-bridged nickel(II) dimer, [(bipy),Ni»-
(1-C1)»(C)»(H50),] (1), with the most acute Ni—CIl-Ni
bridging angle (91.5°) and the shortest intramolecular
Ni--Ni distance (3.44 A) observed to date. These extremes
and the fact that it is the first neutral octahedral complex
in this family, makes this structure somewhat of a “missing
link™ for such di-p-chloridodinickel(I) complexes.

Results and Discussion

Synthesis of [(bipy);Ni(1-Cl)5(CD),(H,0)] (1)

The compound was synthesized from nickel(IT) chloride
hexahydrate and 2,2’'-bipyridine (bipy) in a stoichiometric
ratio of 1:1 in the presence of acetylacetone (Hacac). Inter-
estingly, attempts to obtain 1 without the presence of Hacac
failed, instead producing a blue solid for which a crystal
structure is currently being sought. Our desire to follow this
reaction stems from our observation that in reactions in-
volving attempts to incorporate pyrophosphate (P,O,;%)
into (bipy)Ni"' systems, dichlorido “impurities” were ob-
served when the chloride salt was used. We wanted to know
if we could prepare this complex directly and subsequently
conduct full structural and functional characterization.

Characterization of 1

The IR spectrum of 1 is consistent with the presence of
coordinated 2,2'-bipyridine.!'” Electrospray mass spectrom-

etry revealed the presence of Cl isotopes and is consistent
with the presence of 1 as the monocationic acetonitrile
solvate {[(bipy),Ni,(u-Cl),CI(H,0),]-MeCN}*. Elemental
analysis (C, H, N) is also consistent with the formula of 1.
The extinction coefficient (H,O) was calculated to be
3.4 M ecm! for both Ni'l atoms, a value, which is indicative
of the presence of an octahedral structure in solution.

Description of the Crystal Structure of 1

The structure of 1 consists of neutral (bipy)NiCl,(H,0)
units, which are related by the crystallographic center of
symmetry, as shown in Figure 1.

The crystallographically independent unit consists of an
Ni'l ion, octahedrally surrounded by two N atoms from the
bipyridine ligand [Ni(1)-N(1) = 2.048 A and Ni(1)-N(2) =
2.053 A], one coordinated water molecule [Ni(1)-O(90) =
2.14 A}, and three chlorine atoms (one axial chlorido group
[Ni(1)-Cl(2)] and two bridging equatorial chlorido groups
[Ni(1)-CI(1) and Ni(1)-Cl(1a)]). The trans-axial bridging
angles [CI(2)-Ni(1)-O(90)] show only a slight deviation
from linearity at 176°. The Ni—CI-Ni bridging unit is practi-
cally planar and the dimer is located on an inversion center.

Figure 1. ORTEP plot of 1 with the atom labeling scheme; hydro-
gen atoms have been removed for clarity; the unlabeled atoms are
generated by an inversion center. Thermal ellipsoids are plotted at
50% probability level.

Table 1. Comparison between structural and magnetic data of di-p-chloridodinickel(IT) complexes.!

Compound Ni-CI-Ni [] Ni---Ni [A] Ni—Clyyigge [A] Ni—Clyyrigge [A] Space group J[em™ Ref.
Square-pyramidal or trigonal-bipyramidal

[Ni(biq)Cl,]» 96.68(2) 3.563(1) 2.372(1) 2.400(1) I:’ -7.74 [10]
[Ni(dmp)Cl,], 97.4(1) 3.600(1) 2.378(1) 2.414(1) P -5.1 [10]
[Ni(qnqn)Cl,], 98.23(5) 3.652(1) 2.408(2) 2.422(2) P 4.4 L1z
[NiCly(pqo)]> 95.84(8) - 2.337(2) 2.387(2) P2y/n -0.632 [13]
[NiCl,{CH,(dmpz),}], 97.36(4) 3.587(2) 2.318(1) 2.456(1) P +2.58 [2a]
[NiCl,(tbz),],2C,HcO  97.23(6) 3.5891(12) 2.3556(17) 2.4275(16) P2\/c +2.5 4
Octahedral

[Ni(en),Cl],Cl, 94.1 3.67 2.461(3) 2.551(3) P2,/n +9 (141
[Ni(en),Cl],(ClOy), 95.4 - 2.461(3) 2.512(3) P2,/n +8.9 (141
[Ni(EG),Cl1],Cl, 93.03(5) 3.458(1) 2.383(1) 2.383(1) C2/m +5.5 (8]
(PDA),[NiCl4(H,0)],  95.05(5) 3.606(2) 2.430(2) 2.459(1) C2/c +8.2 [15.16]

[a] Abbreviations: biq = 2,2’-biquinolyl, dmp = 2,9-dimethyl-1,10-phenanthroline, qnqn = trans-2-(2'-quinolyl)methylene-3-quinuclidi-
none, pqo = 2-(pyrid-2-yl)quinoxaline, dmpz = 3,5-dimethylpyrazolyl, tbz = 2-benzimidazolyl, EG = ethyleneglycol, PDA = 1,3-propylene-

diammonium. Table adapted from ref.[
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The separation between the Ni ions is 3.441 A and the Ni-
CI-Ni angle is 91.5°, both are extreme values for this family
of complexes (see Table 1). The interior CI(1)-Ni(1)-Cl(1a)

Table 2. Selected bond lengths [A] and angles [°] for 1.

Ni(1)-N(1) 2.0483(12) N(D-Ni(1-N(2)  79.60(5)
Ni(1)-N(2) 2.0535(11)  N(D-Ni(1-CI(1)  95.90(3)
Ni(1)-0(90) 2.1394(10)  O(90)-Ni(1)-CI(1)  84.60(3)
Ni(1)-Cl(1) 2.3957(4)  O(90)-Ni(1)-Cl(2)  176.04(3)
Ni(1)-Cl(1a) 2.4048(4)  CI(-Ni(1)-Cl2)  91.532(13)
Ni(1)-Cl(2) 2.4383(4)  Ni(1)-CI(1)-Ni(la) 91.564(13)
Torsion angles:
NQ2)-N(1)-Cl(2)-Cl(2) 1.62
N@2)-N(1)-Ni(1)-Cl(2) 54.75
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Figure 2. (a) Packing diagram of 1 looking along the crystallo-
graphic b axis; note the alternating arrangement of intermolecular
hydrogen bonds. (b) Looking along the crystallographic ¢ axis. Hy-
drogen atoms have been omitted for clarity.
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angle is 88.4° with CI(1)---Cl(1a) intramolecular distance
being 3.348 A. Further selected bond lengths and angles are
given in Table 2.

Average carbon-carbon and carbon-nitrogen bond
lengths of the coordinated 2,2’- bipyridine are close to those
reported for the free molecule.['8 The significant deviation
of the N(1)-Ni—N(2) angle [79.60(5)°] from the ideal value
(90°) is due to steric requirements of a bipyridine ring li-
gand. Interestingly, complex 1 packs to produce 1-dimen-
sional alternating ABAB layers of asymmetric units along
the crystallographic b axis. Within each individual layer the
asymmetric units are connected through intermolecular hy-
drogen bonds between the coordinated water and chlorine
atoms of adjacent dimers. The intermolecular O,,++Cl dis-
tance of 3.195 A is typical of an O—H-+Cl interaction (range
of 2.95-3.30 A). The torsional angle between intralayer bi-
pyridine rings is ca. 180°, indicating a near perfect parallel
alignment within each layer. Closest distance between such
bipyridine rings, however, is ca. 6.4 A indicating that intra-
layer m—7 stacking is not present in 1. Interlayer distances,
however, approach 3.7 A with the phenanthroline rings in-
terleaving such that the edge of one ring interacts with the
face of another, both consistent with phenyl embraces.!"!
Certainly, the complex packs to produce clear hydrophobic
and hydrophilic regions, and their combination helps to ex-
plain the “twist” between layers in 1 as shown in Fig-
ure 2 (b).

Magnetic Behavior of 1

Variable-temperature magnetic susceptibility studies were
carried out on a powdered sample of the crystalline com-
plex 1 over the temperature range 1.9-300 K. The magnetic
behavior of 1 is shown in Figure 3 in the form of a yyT vs.
T plot [ym being the magnetic susceptibility per two
nickel(IT) ions]. The value of y\7 at room temperature, ca.
2.30 cm®*mol ! K, is as expected for two single-ion triplet
states magnetically isolated (yp7T = 2.31 cm?*mol™! K with

= 2.15). This value continuously increases upon cooling
to reach a maximum of 4.10 cm*mol ' K at 5.0 K and then
further decreases to 3.68 cm>mol ! K at 1.9 K. The shape
of this curve is typical of a significant ferromagnetic coup-
ling in 1, the decrease of ym7T at low temperatures being
due to zero-field splitting effects and/or intermolecular in-
teractions. In addition, the fact that y\7T at low tempera-
tures reaches values larger than 3.50 cm?*mol™! K (the cal-
culated value for a magnetically isolated quintet spin state
with g = 2.09) supports the occurrence of interdimer ferro-
magnetic interactions in 1. Most likely, the hydrogen bonds,
which link the dimers to afford a chain of dinuclear
nickel(IT) units along the crystallographic a axis [see Fig-
ure 2 (a)] provide the exchange pathway for this additional
ferromagnetic interaction.

Keeping in mind the dinuclear structure of 1 and the fact
that the ground state for a nickel(II) ion in an octahedral
environment is orbitally nondegenerate, it is possible to rep-
resent the intradimer magnetic interaction J with the iso-
2085
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Figure 3. ymT vs. T plot for 1: experimental data (circles); best-fit
curve for a nickel(II) dimer with J, g and D as variable parameters
(dashed line); best-fit curve for a uniform chain of nickel(II) dimers
(solid line) (see text). The inset shows the low-temperature region
in detail.

tropic spin Hamiltonian H = —JS,*Sg. This approach works
well for the cases where a relatively strong antiferromag-
netic coupling is involved. However, when a weak antiferro-
magnetic interaction occurs or when the coupling is ferro-
magnetic (as in 1), the effect of D [zero-field splitting of the
octahedral nickel(IT) ion] has to be taken into account to
describe the magnetic behaviour at low temperatures.!>!

We have then analyzed the magnetic susceptibility data
of 1 in the high-temperature range by the corresponding
expression derived through the Hamiltonian of Equa-
tion (1).[20

H = -JSx*Sp+D(S,;4>+5,87) O

The best-fit values are: J = +16.8 cm™!, g = 2.09 and D
= 3.5cm™!. The calculated plot corresponds to the dashed
line in Figure 3. The theoretical curve reproduces the exper-
imental data from room temperature to 7= 40 K. At 7' <
40 K, there is a clear mismatch between the experimental
data and the theoretical plot, the former being above the
calculated curve. This is in agreement with the additional
ferromagnetic interaction between the nickel(II) dimers
through the hydrogen bonds mentioned above. As the spin
of the ferromagnetically coupled nickel(II) dimer at
T=40K is large enough (S = 2.0) to be considered as a
classic one, the magnetic data of 1 in the low-temperature
range could be modelled through a uniform chain of hydro-
gen-bonded nickel(IT) dimers (denoted P) with an interdi-
mer ferromagnetic coupling j.¢, the Hamiltonian being de-
fined by Equation (2).

Hee = —jeee2dSprSpis) (2)

The value of the spin of each P unit (Sp) is given by
Equation (3), where yp is the magnetic susceptibility for the
nickel(IT) dimer derived through Equation (1)['1 and gp is
2086
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the g factor for the ground spin sate of the dimer which is
the local g factor of the nickel(II) ion.

Sp(Spt1) = 8ypTlgp (3)

In such an approach of a classical spin Heisenberg chain
model,?!1 the expression for the magnetic susceptibility per
P unit is given by Equations (4), (5) and (6).

«p = [INBPgp*Sp(Sp+ DI3KTI{[1 + u(K)[1 -u(K)]} “
u(K) = coth(K—1)/K 5
K = jeeSp(Sp+ DIKT (6)

This approach allowed us to fit the magnetic data of 1
from room temperature to 7' = 8.0 K (solid line in the inset
of Figure 3), the values of the best-fit parameters being Jp
=+16.8cm™!, gp=2.09, D=3.5cm ! and j.; = +0.37 cm™".
The previous values of J, g and D remain unchanged in the
new fit and the weak ferromagnetic coupling (j.;r) between
the nickel(IT) dimers through the hydrogen bonds is evalu-
ated. The very small j¢/Jp ratio (ca. 0.02) supports the va-
lidity of the perturbational model used here.

Such an approach was successfully used by some of us
in other magnetic systems.[>>2%] The mismatch between the
calculated curve and the experimental data at 7 < 8.0 K
for 1 in Figure 3 is most likely due to weak interchain anti-
ferromagnetic interactions, which certainly would cause a
decrease of the magnetic moment in the very-low-tempera-
ture region. We should also note that although the simula-
tion of the magnetisation (M) vs. the applied magnetic field
(H) plots for a discrete molecule with J (magnetic coupling)
and D (zero-field splitting) as variable parameters is pos-
sible for a discrete molecule, it cannot be used for a chain
(as is the case here). Consequently, M vs. H plots for 1 were
discarded. Finally, the decrease of the y\7 product being
due to saturation phenomena (Zeeman level depopulation
effects) was also discarded because the plots for three H
values less than 500 G (that is 250, 100 and 50 G) provided
the same susceptibility curve.

Conclusion

We report the first neutral octahedral di-p-chloridodi-
nickel(I) complex with the most acute Ni-CI-Ni bridging
angle to date. The complex exhibits the strongest intramo-
lecular ferromagnetic interaction for this family, as expected
given the acute bridging angle and quasi-planarity of the
bridging unit, and is an important addition to this family
of complexes.

Experimental Section

General: Solvents and chemicals were of laboratory grade and were
used as received except dimethyl sulfoxide, which was dried with
molecular sieves (4 A) under dry dinitrogen. Electrospray mass
spectrometry was performed with a Shimadzu LCMS-2010 A sys-
tem at a cone voltage of 5 kV. Infrared spectra were recorded with a

Eur. J. Inorg. Chem. 2007, 2083-2088



Neutral Ferromagnetically Coupled [(bipy),Ni,(p-Cl),Cl,(H,0),]

FULL PAPER

Nicolet Magna-IR 850 Series II spectrophotometer as KBr pellets.
Thermal analysis was performed with a TA instruments TGA Q500
using 2-6 mg samples placed on platinum pans and ran under ni-
trogen (40 mL/min). The temperature was ramped from ca. 25 to
500 °C at a rate of 10 °C/min. Analysis was performed using the TA
instruments Universal Analysis 2000 software program. Elemental
analysis (C, H, N) was performed by Quantitative Technologies
Inc., Whitehouse, NJ. Water was distilled and deionized to
18.6 MQ using a Barnstead Diamond RO Reverse Osmosis ma-
chine coupled to a Barnstead Nano Diamond ultrapurification ma-
chine. Variable-temperature magnetic susceptibility measurements
were performed with a Quantum design SQUID susceptometer in
the temperature range 1.9-300 K with an applied magnetic field of
H =1000 G (T=100 K) and 50 G (T < 100 K). Crystalline sam-
ples were obtained directly from the reaction mixture, air-dried and
powdered in a mortar. Diamagnetic corrections for the constituent
atoms were estimated using Pascal’s constants and corrections for
the sample holder and the temperature-independent paramagne-
tism were also performed. Electronic absorption spectra were ob-
tained with a Varian Cary 50 Bio spectrophotometer in 1-mL
Quartz cuvettes between 200 and 800 nm at ambient temperature.

Synthesis and Characterization of [(bipy),Ni,(n-Cl),(Cl),(H,0),]
(1): NiCl, (0.48 g, 2.0 mmol) was suspended in dimethyl sulfoxide
(DMSO) (10 mL). To this was added acetylacetone (10 mL, 99.3 %)
and then 2,2'-bipyridine (0.31 g; 2.0 mmol) was added as a 10-mL
solution in DMSO. The volume of the solution was reduced in
vacuo to approximately 5 mL, and a green solid was precipitated
with chilled acetone. The precipitate was subsequently dissolved
in a minimum amount of methanol and filtered (0.45 um Fisher).
Crystallization was conducted by an acetonitrile/methanol dif-
fusion performed under ambient conditions. Green block-shaped
crystals grew over ca. 8d. Yield 0.941 g (41% based on Ni').
CyoH5oC14NyNi,O, (607.6): caled. C 39.50, H 3.32, N 9.22; found
C 39.24, H 3.18, N 9.06. Zpax (H,0) = 612 nm (3.4 M 'em™). FT-
IR (KBr): v = 1598 (s), 1475 (s), 1445 (s), 1313 (m), 1115 (w), 1057
(w), 1027 (w), 775 (s), 736 (m), 654 (w) cm~'. ES-MS (90% MeOH/
10% H,0): m/z = 612 {[(bipy),Ni(u-Cl)»(Cl)(H,0),]"MeCN} *.

Crystal-Structure Determination and Refinement for 1: Structural
measurements were performed with a Bruker-AXS SMART-CCD
diffractometer at low temperature (90 K) using graphite-monochro-

Table 3. Crystal data for [(bipy),Ni,(u-Cl)»(Cl)>(H,0),] (1).

Empirical formula C,oH»(CI4N4Ni,O,
Formula mass 607.602
Crystal system monoclinic
Space group P2,/n
u (Mo-K,) [mm™] 2.173
a[A] 11.0985(9)
b[A] 6.7873(6)
¢ [A] 14.9609(12)
p [1 91.900(2)
VA3 1126.37(16)
Z 2
Dcalcd. [gCIIl 3] 1.792
FJ000] 616
T [K] 175

28.07

R, wR, [I>20(1)]

R, wR, (all data)

Total data, total unique data
Observed data [I>20(1)]

No. of final reflections, parameters
Final R], M’Rz

0.0202, 0.0510
0.0211, 0.0516

11216, 2733
2733
2733, 185

0.0202, 0.0510
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mated Mo-K, radiation (4 = 0.71073 A). Absorption correction
was applied using SADABS and SHELXTL and the structure was
solved by direct methods and refined using the SHELXTL program
package.?”) Key crystallographic data are given in Table 3. CCDC-
631084 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Thermal analysis of 1.
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