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Three dimeric Ni(II) 2,2-dimethylpropanoate complexes, [Ni(Me;CCOO),L],, where
L = 2-ethylpyridine, 2,4-lutidine (2,4-lu) and 2,5-lutidine, and the corresponding
2-ethylbutanoate complex with L = quinoline, have been prepared. All these com-
plexes display a dimer type of antiferromagnetism. For the 2,4-lutidine complex, a
change in magnetic properties at ca. 200 K is observed, indicating a phase transition.
The structure of this complex at 22 °C was determined by X-ray crystallography. Unit
cell parameters for [Ni(Me;CCOO),(2,4-lu)], are a=9.846(1), b=10.735(1),
c¢=11.215(1) A, a=116.40(1), B = 101.86(1), y = 98.65(1)°, Z = 1. The green crys-
tals are triclinic, space group P1. Based on 4236 observed reflections, the structure
was refined to a conventional R-value of 0.048. The compound has the dimeric
structure found in numerous copper acetate adducts. Thus nickel has a square
pyramidal coordination with an axial 2,4-dimethylpyridine ligand and four basal
oxygens, one from each of the 2,2-dimethylpropanoate ligands. The Ni---Ni

separation in the dimer is 2.7080(5) A.

Although a large number of dimeric copper(II) carboxy-
lates have been prepared and characterized, very few
nickel(II) complexes analogous to the copper(II) dimers
have been reported. The structure of the dimeric
nickel(II) 2,2-dimethylpropanoate adduct with quinaldine,
[Ni(Me;CCOO),(quinaldine)],, has recently been deter-
mined by Kirillova et al. and found to be a copper(II)
acetate monohydrate type of dimeric structure.! An anti-
ferromagnetic exchange integral of J = —160 cm™! has been
reported for this complex.! The J values for nickel(II)
2,2-dimethylpropanoate adducts with pyridine, a-picoline,
y-picoline, quinoline and triphenylphosphine (—150 to
—157 cm™')? and the nickel benzoate adduct with quinoline
(=125 cm™")? have also been evaluated.

We have now been able to prepare three nickel(II)
2,2-dimethylpropanoate complexes, [Ni(Me;CCOO),L],,
where L =2-ethylpyridine (2-etpy), 2,4-lutidine (2,4-lu)
and 2,5-lutidine (2,5-lu), and the nickel(II) 2-ethylbuta-
noate adduct with quinoline, [Ni(Et,CHCOO),(quin)],.
These complexes all display a dimer type of antiferro-
magnetism. Among them, [Ni(Me;CCOO),(2,4-lu)], has
shown remarkable change at ca. 200 K in the susceptibil-
ity—temperature curve, suggesting the occurence of a phase
transition. Hence, the crystal structure of the 2,4-lutidine
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adduct was determined by X-ray diffraction in order to
study magneto-structural correlations.

Experimental

Syntheses. The starting material, Ni(Me;CCOO),(Me;-
CCOOH),, was prepared as follows. Basic nickel(Il)
carbonate (5 mmol) was mixed with 2,2-dimethylpropanoic
acid (30 mmol). When the mixture was warmed gently, a
green solid was formed with the evolution of carbon
dioxide. The product was dissolved in benzene (150 ml)
and the solution was concentrated to one-third of its
volume. When petroleum ether was added to the solution,
green crystals precipitated. After washing with petroleum
ether, the crystals were dried in vacuo at room tem-
perature.

To prepare [Ni(Me,CCOO),L], (L = 2-etpy, 2,4-lu and
2,5-lu) a solution of L (4 mmol) in toluene (5 ml) was added
to a solution of Ni(Me,CCOO),(Me,CCOOH), (2 mmol)
in toluene (30 ml). After the solution had been concen-
trated to one-third of its original volume, it was allowed to
stand overnight at ca. 5°C in a refrigerator. The separated
green crystals were collected, washed with petroleum ether
and dried in vacuo at room temperature. Yield: ca. 0.5 g
for each of these three adducts.

[Ni(Et,CHCOO),]-H,O was prepared from 2-ethyl-



Table 1. Magnetic parameters and magnetic moments.

Ni(Il) DIMETHYLPROPANOATE DIMERS

Complex J/em™! g No./107% emu 10?2 P 102 Oge et/ B.M. T/K
[Ni(Me,CCOO),(2-etpy)l, —221 2.85 280 0.82 1.52 2.11 302
[Ni(Me,CCOO),(2,4-u)],

Low-T region —-194 2.40 275 0.26 1.41

High-T region —224 2.72 202 0.02 3.89 2.00 297
[Ni(MesCCOO0),(2,5-u)], —128 2.38 260 2.48 0.90 2.34 298
[Ni(Et,CHCOO),(quin)], —216 2.35 276 1.28 1.95 1.72 284
butanoic acid and basic nickel(II) carbonate in the same 2Ng*p?
way as the preparation of Ni(Me;CCOO),(Me,;CCOOH),. XA = T3 [1+%exp (=2//kD)]" (1 - P)

In the case of [Ni(Et,CHCOQ), (quin)],, mixtures of
[Ni(Et,CHCOO),]- H,0 (3 mmol) and quinoline (2.7 | 2Nl Pt Na W
mmol) in toluene (30 ml) were stirred for about 30 min at 3kT

room temperature. The resultant solution was filtered and
concentrated to one-third of the volume. When petroleum
ether was added to the solution, green crystals precipitated.
They were washed with petroleum ether and dried in vacuo
at room temperature. Yield: ca. 0.7 g.

Magnetic measurements. Magnetic susceptibilities in the
temperature range 80-300 K were determined by the Fara-
day method. The correction for diamagnetic contribution
was made by use of Pascal’s constants.* The cryomagnetic
data were analyzed by using eqn. (1), based on the ex-
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Fig. 1. Variation of magnetic susceptibilities with temperature.

(@) [Ni(Me,CCOO0),(2,5-u)],, (O) [Ni(Me;CCOO),(2-etpy)l.,

(@) [Ni(Et,CHCCO),(quin)],. The solid curves were obtained as

described in the text.

change channel model developed by Rakitin et al.,> where
P is the mole fraction of the noncoupled paramagnetic
nickel(II) impurity, g; is the average g factor for the impu-
rity, and the other symbols have their usual meanings. A
fixed value of 2.2 was used for g;. The best-fit parameters
for J, g, P and Na were obtained by a nonlinear least-
squares fitting procedure. The quantity of fit was estimated
by means of a discrepancy index, 04 = [E(Xobsa — Xeared)
Txobsa’]¥2. Effective magnetic moments at room temper-
ature were calculated from eqn. (2). The thermal magnetic

Meir = 2.83 [(xa — No) T]2 2
data are shown in Figs. 1 and 2 as plots of x, vs. T. The

values of J, g, Na, P, o4 and p. are summarized in
Table 1.
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Fig. 2. Variation of magnetic susceptibilities with temperature.
(O) [Ni(Me,CCOO0),(2,4-1u)),. The solid curves were obtained as
described in the text.
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X-Ray data. Data collection was carried out at 22 °C using
graphite monochromated Mo Ka radiation. Attempted
data collection at low temperatures resulted in cracking of
the crystals and a total loss of intensity. Unit cell para-
meters are based on least-squares fits to the diffractometer
settings of 25 general reflections. Intensity data were rec-
orded using w-scans, a constant scan rate of 4° min' and a
minimum scan width of 1.50°, including background scans
of 0.25° at the beginning and the end of each scan. The
orientation of the crystal was checked at intervals of 500
recordings and the intensities of three standard reflections
were checked every 3 h. Corrections were applied to the
reflection intensities based on a small variation (<4 %) in
the intensities of the standard reflections.

The structure was solved by direct methods and refined
by full-matrix least-squares iterations. The function mini-
mized is Sw(AF)2. Weights were calculated according to
w={[o()}* + (0.040F?)?}"'. Non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were placed in
calculated positions (C—H = 0.95 A) with isotropic tem-
perature factors set equal to 1.3 times the isotropic temper-
ature factors of the carbon atoms to which they were
bonded. The temperature factors of the methyl groups on
the acetate ligands are very high and may indicate some
disorder. However, the final difference map showed no
maxima higher than —0.47 ¢ A3, Refinement was termi-
nated when parameter shifts became less than 1% of the
associated standard deviations. Computer programs used
were supplied by Enraf-Nonius (SPD/VAX V 3.0). Crystal
and experimental data are summarized in Table 2.

Table 2. Crystal and experimental data.

Compound [Ni(Me;CCOO0),(2,4-u)],
Diffractometer Enraf—Nonius CAD-4
Radiation Mo Ko
Wavelength/A 0.710 73

Crystal system Triclinic

a/A 9.846(1)

b/A 10.735(1)

c/A 11.215(1)

al® 116.40(1)

pre 101.86(1)

y/° 98.65(1)

VIA 998.8

Space group P1 (No. 2)
Formula weight 736.2

V4 1

D./gcm3 1.224

uw(Mo Kaj/cm™! 9.90

Crystal dimensions/mm 0.29x0.29%x0.25
Scan mode/max. 6/° w-scan/30

Fudge factor 0.040

Scale factor 0.5175

No. of independent measurements 5785

No. with /> 20/ 4236

Transmission factors 0.759-0.952

R =Z|F, - F|/=F, 0.048

R, = [S,(F, — F)?/=wF2%5 0.057

S = [EW(AF)?2/N-n]°5 1.733
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Results and discussion

Atomic positional parameters are listed in Table 3, bond
distances and angles in Table 4 and molecular planes and
interplanar angles in Table 5. Complementary data are
available from one of the authors (K.M.-M.).

Nickel coordination. Fig. 3 shows the structure of the
dimeric molecule and the labelling of the atoms. The four
2,2-dimethylpropanoate ligands are all bridging. Each
nickel atom has a distorted square pyramidal coordination,
with a 2,4-lutidine ligand in an axial position while the
acetate oxygens are basal. This is the classical structure
found in the analogous copper acetate dimers. The coor-
dination sphere of nickel is shown in Fig. 4. The dimeric
molecules are centrosymmetric; the packing of the mole-
cules in the unit cell is shown in Fig. 5. The Ni—Ni distance
in the molecule is 2.7080(5) A, and Ni is located 0.251 A
above the plane through the four basal oxygens. The
average Ni—O bond length is 2.006(9) A and Ni—N is
2.035(2) A. Corresponding values in the analogous
[Ni(Me,CCOO),(quinaldine)], dimer are 2.754(3), 0.23,
2.01 and 2.07 A.' In the monothiocarboxylate complex,
[{Ni(PhCOS),},(EtOH)], one Ni atom is bonded to five O
atoms as well as to the other Ni atom (2.498 A) in a
distorted octahedral arrangement. Here the Ni—O bonds
are in the range 2.00-2.09 A.°® There are essentially two

Table 3. Positional parameters and their estimated standard
deviations.?

Atom  x y z B/ A

Ni 0.02430(3) -0.12111(3) —0.09366(3) 3.552(6)
011 0.1881(2) 0.0429(2) —0.0551(2) 5.18(5)
012 -0.1549(2) —-0.2426(2) —0.0997(2) 5.16(5)
021 0.1327(2) —0.1174(2) 0.0799(2) 5.13(5)
022 -0.0982(2) -0.0833(2) —0.2342(2) 5.07(5)
N 0.0959(2) -0.2696(2) —0.2367(2) 4.22(5)
C1 0.1089(3) —0.3981(3) —0.2505(3) 5.06(7)
c2 0.1683(3) —0.4826(3) —0.3501(4) 6.47(9)
c3 0.2156(3) —0.4405(4) —0.4347(3) 6.65(9)
c4 0.2007(3) —0.3102(4) —0.4202(3) 6.59(9)
C5 0.1411(3) —0.2284(3) —0.3221(3) 5.38(8)
c6 0.0569(4) —0.4457(3) —0.1577(4) 7.4(1)
c7 0.2837(4) —0.5317(5) —0.5402(4) 10.6(1)
c11 0.2224(3)  0.1772(2) 0.0213(2) 3.91(5)
C12  0.3565(3) 0.2636(3) 0.0159(3) 5.75(8)
C13  0.4804(5) 0.2012(7)  0.0411(7) 16.4(2)
C14  0.3306(6) 0.2408(5) —0.1282(4) 14.6(2)
C15  0.3964(6)  0.4166(5) 0.1213(5) 17.1(2)
c21 0.1508(3)  —0.0209(2) 0.02021(2) 4.17(6)
C22  0.2493(4) -0.0294(3)  0.3212(3) 6.18(8)
C23  0.2725(5) —0.1788(4) 0.2738(4) 9.4(1)
C24  0.3974(5) 0.0713(5) 0.3570(5) 14.6(2)
C25  0.2005(6) 0.0211(6)  0.4422(4) 18.2(2)

4Non-hydrogen atoms are refined anisotropically and are
represented by their equivalent isotropic thermal parameters
defined as: (4/3) [a®B(1,1) + ?B(2,2) + *B(3,3) +

ab(cos y)B(1,2) + ac(cos B)B(1,3) + be(cos a)B(2,3)].



Table 4. Interatomic distances (in A) and angles (in °).?

Distances

Ni---Ni’
Ni—O11
Ni—-012
Ni—021
Ni—022
Ni—N
C11-011
C11-012’
C11-C12
C12-C13
C12-C14
Ci12-C15
C21-021

Bond angles

011-Ni—021
011-Ni—022
012-Ni-021
012-Ni—022
0O11-Ni-012
021-Ni—022
O11—-Ni—N
012—-Ni—N
021—-Ni—N
022—-Ni—N
011-C11-012’
011-C11-C12
012'-C11-C12
021-C21-022’
021-C21-C22
022'-C21-C22
Ni—N-C1
Ni—N-C5
C1-N-C5
N-C1-C2

2.7080(5)
2.017(1)
1.999(2)
1.998(1)
2.010(1)
2.035(2)
1.250(2)
1.241(2)
1.523(3)
1.513(6)
1.483(5)
1.462(5)
1.252(3)

89.02(7)
88.68(7)
89.95(7)
88.76(7)

165.46(6)

165.74(6)
91.81(6)

102.65(6)
99.97(7)
94.17(7)

124.3(2)

116.7(2)

119.0(2)

125.2(2)

117.4(2)

117.4(2)

127.9(2)

114.4(1)

117.7(2)

120.0(3)

C21-022’'
C21-C22
C22-C23
C22—-C24
Cc22-C25
N-C1
C1-C2
C2-C3
C3-C4
C4-C5
C5—-N
C1-Cé
C3-C7

C1-C2-C3
C2-C3-C4
C3-C4-C5
C4-C5—-N
N-C1-C6
C2-C1-Cé
C2-C3-C7
C4-C3-C7
C11-C12-C13
C11-C12-C14
C11-C12-C15
C13-C12-C14
C13-C12-C15
C14-C12-C15
C21-C22-C23
C21-C22—-C24
C21-C22-C25
C23-C22-C24
C23-C22—-C25
C24—-C22—-C25

1.242(3)
1.528(3)
1.519(4)
1.535(5)
1.434(5)
1.348(3)
1.393(3)
1.350(4)
1.369(4)
1.374(3)
1.342(3)
1.489(4)
1.517(4)

122.4(3)
116.9(2)
120.0(3)
123.0(3)
118.0(2)
122.0(2)
121.9(3)
121.2(3)
108.7(3)
108.4(2)
111.9(2)
105.9(4)
109.1(4)
112.6(4)
112.0(2)
105.0(2)
111.5(3)
105.4(3)
113.2(3)
109.3(4)

4Primes denote atoms related to those in Table 3 by a

molecular centre of symmetry (0,0,0).

Fig. 3. The structure of the centrosymmetric dimer.

Ni(ll) DIMETHYLPROPANOATE DIMERS

types, A and B, of quadruply bridged dinuclear Ni com-
plexes. A may be represented by the present investigation,
where the bridging ligand is a carboxylate group. Such
compounds are rare. Type B is more common and has
dithiocarboxylate or diamino groups as bridging ligands.””
In the A complexes, Ni is five-coordinated and in a square
pyramidal environemnt and there is no Ni—Ni bond. In B
complexes there is a Ni—Ni bond, and at approximately
right angles to this bond, each Ni is bonded to four ligand
atoms (S or N) in a square-planar fashion. In several of
these complexes, a sixth, weak Ni—L interaction is taking
place. This results in a distorted octahedral environment
for Ni.® Also, the Ni—Ni bonding in B complexes results in
Ni being displaced more than 0.1 A out of the basal plane
towards the other nickel atom: the opposite is found in the
A type complexes.!’8

In the carboxylate ligands, the average C—0O, C—C and
C—CH, bond lengths are 1.246, 1.526 and 1.491 A, respec-
tively. The low average value of the C—CH, bond lengths,
1.491 A as compared to the sum of the covalent radii of
1.54 A, is probably due to the high degree of thermal
movement of the methyl groups. In the 2,4-dimethyl-
pyridine ligand, average C—N and C—C bond lengths in
the ring are normal at 1.345 and 1.372 A.

There is a strong steric interaction between the a-methyl
(C6) group of the substituted pyridine ligand and O12 and
021: 012—C6 = 3.192(3) A and 021-C6 = 3.181(3) A,
as compared to 3.40 A, the sum of the respective van der
Waals radii.® This interaction moves C6 (and thereby the
whole ligand) away, so that angle Ni—N—CI becomes 13.5°
larger than angle Ni—N—CS5. This effect is seen in the
Ni---Ni—N angle of 166.63(5)°. The angles between the
carboxyl groups are close to 90°, and the two NiO, groups
are eclipsed.

Magnetic properties. The magnetic susceptibility data ob-
served for [Ni(Me,CCOO),(2-etpy)],, [Ni(Me;CCOO),-
(2,5-1u)], and [Ni(Et,CHCOO),(quin)}, could not be fitted
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Table 5. Least-squares planes.

No. of plane Atoms involved Amax® A Distance from plane/A Dihedral angles/°®
1 011, 012, 021, 022 0.003 Ni, 0.251 1,5: 84.82(5)

2 Ni, O11, 012’, C11, C12 0.025 C13, —1.099; C14, 1.280; C15, —0.134 2,3: 89.44(7)

3 Ni, 021, 022, C21, C22 0.053 C23, —0.336; C24, 1.544; C25, —0.679 2,4: 42.40(7)

4 Ni, N, C1-C7 0.065 3,4: 129.93(9)

5 N, C1-C7 0.013 Ni, 0.140 4,5: 1.14(2.1)

“Maximum deviation of any of the atoms involved from the plane. Planes 2 and 3 are restricted to pass through the centre of the

dimer.

satisfactorily to the magnetic susceptibility equation,
eqn. (3), for the coupling of two S = states. However, a

5 + exp (—4J/kT)
5+3exp(—4J/kT)+exp(—6J/kT)

Xa=

Ng* g (

T ) + Na (3)

good fit to eqn. (1) was obtained for the magnetic data
(Fig. 1 and Table 1). As can be seen in Fig. 2, an in-
teresting change in the susceptibility—temperature curve of
[Ni(Me,CCOO),(2,4-1u)], was observed at ca. 200 K. The
magnetic susceptibilities observed in upper (200-300 K)
and lower (80-200 K) regions with respect to the transition
temperature are well reproduced by eqn. (1) using the
appropriate parameters listed in Table 1. For the exchange
channels between unpaired electrons on the metal ions in
dimeric nickel(II) carboxylates, Rakitin et al.’> proposed
two superexchange channels of d,2_2—0y—0c—0p—d,2_,2
(o-path) and d,,—mo—nc—mo—d,, (m-path), whereas
Bencini et al.’ suggested two direct ones of d,2_2—d,_p
(8-bonding) and d,2—d. (o-bonding). Kirillova et al.!
claimed the absence of a direct Ni(II)-Ni(II) bond in
[Ni(Me;CCQOO),(quinaldine)], by the fact that the
Ni(IT)—Ni(II) distance (2.753 A) is considerably longer
than that in the diamagnetic nickel(II) phenylthioaacetate

P Ni
Dac7EENCORS
o111
Fig. 4. The square-pyramidal coordination of Ni(Il).
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dimer (2.551 A).” In the present study the Ni(II)—Ni(II)
distance is 2.708 A, a value quite similar to that found in
[Ni(Me;CCOO),(quinaldine)}],.! At present, however,
magnetic and structural data on nickel(II) carboxylate
dimers are too sparse to distinguish between the different
proposals above. Recently, Uekusa et al. have shown that
the Cu—Cu distances in copper(II) formate adducts with
larger singlet-triplet separations (ca. 500 cm™') are defi-
nitely longer than those found in the corresponding copper
(IT) acetates with smaller singlet-triplet separations (ca.
300 cm™")." The results confirm the early proposal by
Goodgame et al. that the spin—spin coupling in copper(II)
carboxylate dimers is mainly due to the superexchange
interaction through the carboxylate bridges, rather than a
metal-metal direct interaction.'? At the present stage, a
wide range of comparative magneto-structural studies on
both Cu(II) and Ni(II) carboxylate dimeric systems are
required to give deeper insight into the spin—spin coupling
mechanism in these systems. Such comparative studies are
now in progress.

It may be noted here that the o, values shown in Table 1
are somewhat higher than those reported previously for
corresponding copper(II) 2,2-dimethylpropanoate dimers,
(4-9)x1072.2 This may be due to the neglect of effects
associated with the zero-field splitting of individual
nickel(II) ions.™

Fig. 5. The packing of the dimers in the unit cell.
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